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Zusammenfassung  

Die Rolle von Thrombozyten nach Leberschädigung wird in der Literatur kontrovers diskutiert. 

Die Folgen einer fehlerhaften Thrombozytenaktivierung und Thrombozytopenie sind jedoch in 

diesem Bereich bis heute nicht vollständig verstanden. Bisher ist beschrieben, dass die Effekte 

nach Leberschädigung durch Thrombozyten sowohl verstärkt als auch verringert werden 

können. Bisher gibt es nur wenige Hinweise auf zeitabhängige Veränderungen der 

Thrombozyten-aktivierung und deren Fortschreiten bei Lebererkrankungen. 

Dementsprechend wurde in dieser Arbeit die Rolle der Thrombozyten bei der Leberschädigung 

und Leberregeneration anhand von zwei Operationsmodellen für akute und chronische 

Leberschädigung, der Gallengangsligatur und der partiellen Hepatektomie, untersucht. Der 

Schwerpunkt lag auf der Thrombozytenaktivierung, der Wiederherstellung der 

Thrombozytenzahl und den mit diesen Phänomenen verbundenen Primäreffekten. 

Die Ergebnisse dieser Studie zeigen, dass beide Leberschädigungsmodelle die primäre 

Hämostase negativ modulieren, was zu einer leichten Thrombozytopenie, Defekten in der 

Thrombozytenaktivierung und einem erhöhten Blutungsrisiko in vivo führt. Nach den 

vorliegenden Beobachtungen beeinflussen multiple Effekte die Thrombozytenaktivierung. 

Einerseits kommt es vermehrt zur Bildung von inhibitorischen Plasmafaktoren, wie z. B. NO 

und PGI2, welche eine Phosphorylierung des thrombozytären Proteins VASP induzieren, 

welches als Negativregulator der Thrombozytenaktivierung bekannt ist. Andererseits wurde 

gezeigt, dass die Aktivierung von murinen und humanen Thrombozyten durch erhöhte 

Gallensalzspiegel vermindert wird, wodurch es zu einer weiteren Hemmung der primären 

Hämostase kommt. Zusätzlich kommt es zu einem erhöhten Verbrauch von Thrombozyten 

durch eindringende Thrombozyten in geschädigtes Lebergewebe. Dem wird durch eine 

verstärkte Megakaryopoiese in Milz und Knochenmark der Mäuse entgegengewirkt. 

Außerdem wird in dieser Arbeit erstmals beschrieben, dass es zu einer komplementären 

Regulation der TPO-Biogenese nach Leberresektion kommt. Die TPO-Synthese wird durch 

desialylierte Thrombozyten und/oder IL-6 über den AMR/IL-6R-JAK2-STAT3-Signalweg 

vermittelt, um den erhöhten Thrombozytenumsatz nach Leberschädigung zu kompensieren. 

Die genetische Deletion von IL-6 oder c-Mpl (TPO-Rezeptor) unterstreicht die Rolle der 

Thrombozyten, da Mäuse, denen diese Rezeptoren fehlen, nach einer partiellen Hepatektomie 

eine verminderte oder gar keine Leberregeneration zeigen.  

 

Die hier vorgestellten Ergebnisse unterstreichen die entscheidende Rolle einer veränderten 

Thrombozytenaktivierung nach Leberschädigung und zeigen erstmalig, wie die Zahl der 

Thrombozyten nach Leberschädigung reguliert wird und somit die Leberregeneration durch 

direkte und indirekte Effekte unterstützt.  
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Abstract 

Platelet mediated mechanisms after liver injury are controversially discussed in literature. 

However, the consequences of defective platelet activation and thrombocytopenia are not fully 

understood to date. Different reports provide evidence that platelets play a bivalent role, either 

preventing or even further accelerating liver injury. To date, little evidence is given about time-

dependent alterations in platelet activation and their progression in liver disease.   

In this thesis, the role of platelets during liver damage and liver regeneration were examined 

using two operation models for acute and chronic liver injury, namely bile duct ligation and 

partial hepatectomy. The focus was set on platelet activation, platelet count restoration and 

primary effects related to these phenomena.  

Using different liver injury models the recent study reveals that primary hemostasis is 

negatively modulated resulting in mild thrombocytopenia and enhanced bleeding risk in vivo. 

According to the present observations, multiple effects influence platelet activation through 

increased production of inhibitory plasma factors. These factors include NO and PGI2, which 

induce a strong phosphorylation of platelet VASP, a well-known inhibitor of platelet activation. 

Additionally, high plasma levels of bile acids affect platelet activation of murine and human 

platelets, propagating further inhibition of primary hemostasis. The enhanced platelet 

consumption due to invading platelets in the inflammatory liver tissue is thereby encountered 

by enhanced megakaryopoiesis in the spleen and bone marrow of mice in both models. 

Additionally, this work describes for the first time the complementary regulation of TPO 

biogenesis after liver resection. TPO synthesis is mediated by desialylated platelets and/or IL-

6 via the AMR/IL-6R-JAK2-STAT3 signaling pathway to compensate the enhanced platelet 

turnover after liver injury. The genetic deletion of either IL-6 or c-Mpl (TPO receptor) highlights 

the prominent role of platelets as mice lacking these receptors show diminished or even no 

liver regeneration after partial hepatectomy.  

 

These results presented here emphasize the crucial role of altered platelet activation after liver 

injury and report for the first time how platelet counts are regulated after liver injury and support 

liver regeneration through direct and indirect effects.    
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1. Introduction  

 

1.1 Platelets in hemostasis and thrombosis 

 

The human body relies on the vascular system and the blood to ensure the distribution of 

oxygen and nutrition in all tissue types. The cellular part of the blood stream consists of 

different cell types, which have different functions e.g., oxygen supply (erythrocytes), the 

immune system (leucocytes), and to prevent bleeding after vascular injury (platelets). The most 

important cell type of the blood system after vascular injury are platelets, which are essential 

for blood clotting. Beside the unique role in primary hemostasis, platelets are also important in 

other physiological processes like angiogenesis, tumor growth, inflammation, and tissue 

regeneration [1].  

 

1.1.1 Platelet physiology 

Platelets are one of the smallest cells in the human body and have a diameter of approximately 

4 µm [2]. Platelets have a lifespan of 8-10 days in the human system and do not have a cell 

nucleus but synthesize proteins due to the storage of mRNA in their cytoplasm [3]. In contrast 

to that, in the murine system platelets are smaller in size (2 µm) and have a shorter lifespan of 

3-4 days [4]. In the bone marrow (BM) platelets are formed by cytoplasmic constrictions 

(proplatelets) of megakaryocytes (MKs); in rodents, they are additionally formed in the spleen 

[4]. Latest studies by Lefrançais et al. were also able to detect the lungs as new hematopoietic 

tissue [5]. After proplatelet elongation into the blood vessel, the proplatelets are shed into 

platelets by the blood stream and typical characteristics establish, such as high content of α 

and δ (dense)-granules, lysosomes, and the open intracanalicular system [6]. In line with their 

maturation, platelets lose their RNA content and are only moderately active regarding 

biosynthesis [6, 7]. Senescent, aged platelets need to be cleared out of the vascular system. 

This process of platelet clearance is mediated by macrophages in the liver and spleen through 

scavenger receptors located on their cell membrane [8]. On average, humans have 1.5 – 3.5 

x 106 platelets per µl blood. In mice, 1.1 x 106 platelets per µl blood are present [3, 4].  
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1.1.2 Platelet function and signaling in primary hemostasis  

 

1.1.2.1 Regulation of platelets and vascular integrity  

In a steady state system, platelets exist in a so-called resting state, without adhering to the 

vessel wall or other cells. This inactive state is maintained through different control mechanism 

mainly driven by the endothelium of the vessel. Membrane bound ectonucleotidases like the 

human CD39 (e.g. apyrase) are commonly expressed among various tissues in the human 

and murine system, regulating platelet activation in the vascular system via ATP and ADP 

degradation [9, 10].   

Thrombomodulin is an enzyme also expressed by the endothelial cells of mammals. It 

contributes to the regulation of thrombin by binding and deactivating of its thrombotic 

activity [11]. Besides, platelets are also directly inhibited via intracellular signaling cascades. 

Prostaglandin H2 is converted into prostaglandin I2 [or prostacyclin (PGI2)] inside the 

endoplasmic reticulum (ER) in endothelia cells through the prostacyclin synthetase [12]. 

Secreted PGI2 binds the IP receptor at the platelet surface, a G-protein coupled receptor 

(GPCR), initiating Gαs signaling, leading to the activation of adenylyl cyclases, which 

subsequently lead to increased intracellular cAMP levels [13]. Similarly, nitric oxide (NO), 

which is produced by the endothelium or even in platelets itself via eNOS (endothelial NO-

synthetase), directly interacts in platelets with guanylyl cyclase (GC) leading to increased 

levels of cGMP [14, 15]. Enhanced intracellular levels of cGMP and cAMP in platelets lead to 

the activation of the protein kinase A/G resulting in phosphorylation of the vasodilator 

stimulated phosphoprotein (VASP) at serine 157 or 239. Following VASP phosphorylation, 

platelet function is inhibited through the down regulation of intracellular Ca2+ concentration and 

cytoskeletal reorganization [16].   

 

1.1.2.2 Platelet activation in primary hemostasis 

In primary hemostasis, platelets become activated and form a thrombus that is unstable in 

flowing blood. Under physiological conditions, platelets do not adhere to the surface of the 

blood vessels as described under 1.1.2.1. In case of a vascular wall injury, parts of the 

subendothelial extracellular matrix (ECM) become exposed to the blood stream such as 

collagen, laminin or vitronectin. This results in the accumulation of the plasmatic von 

Willebrand factor (vWF) on the collagen of the ECM, which allows vWF to bind to the 

glycoprotein-Ib-V-IX (GPIb-V-IX) complex at the platelet surface [17]. This binding leads to 

weak platelet activation and allows unstable transient adhesion (tethering) of platelets at the 

vessel wall, where they „roll"  the injured tissue. This enables the binding of the GPVI receptor 
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to the exposed collagen of the vessel wall. The collagen receptor itself is coupled to an Fc 

receptor (FcR) γ-chain that initiates a signaling cascade through the immunoreceptor, tyrosine-

based activation motif (ITAM). GPVI crosslinking facilitates ITAM autophosphorylation and 

thus the activation of platelets is initiated [18]. GPIb-induced trapping of platelets followed by 

GPVI-mediated activation triggers various signaling pathways within platelets, which include 

integrin activation, the release of granules, cytoskeletal reorganization (platelet shape change), 

and the recruitment of new platelets from the bloodstream to the growing thrombus [19-22]. 

This process is summarized in Figure 1. 

 
Figure 1. Primary hemostasis after vessel wall injury. After vessel wall injury the subendothelial extracellular 
matrix (ECM) is exposed. Plasmatic von Willebrand Factor (vWF) binds to the exposed collagen, allowing a lose 
binding of the GPIb-V-IX complex on the platelet membrane to the ECM. This tethering of platelets at the ECM 
allows GPVI binding to collagen leading to platelet activation and granule release. Simultaneously, tissue factor 
(TF) synthesized by subendothelial cells and exposed after vessel wall inury constantly generates thrombin from 
plasmatic prothrombin. The local generated thrombin in combination with ADP released by platelets leads to a 
recruitment of additional platelets from the blood stream to the site of injury due to the activation of G-protein coupled 
receptors (GPCR) on the platelet membrane. The synergistically activation of platelets through GPVI, the GPIb-V-
IX-complex and the GPCR induces inside-out signaling which results in conformational changes and activation of 
integrin α2β1 and αIIbβ3. Activated integrin α2β1 supports firm adhesion at the site of vessel injury, while integrin αIIbβ3 

initiates crosslinking of platelets through fibrinogen and stable adhesion by binding to vWF leading to thrombus 
formation and growth. License Number – 4947120827980 [23].  

 

1.1.2.3 Integrin inside out and outside in signaling 

The fibrinogen receptor integrin αIIbβ3 plays a central role in the activation of platelets. In the 

resting state of platelets, integrin αIIbβ3 appears in a conformation with low affinity to its ligand 

fibrinogen [23]. Binding of the GPIb complex and the GPVI receptors to the ECM triggers 

signaling pathways within platelets that lead to the activation of integrin αIIbβ3 [23]. The affinity 

modulation is provoked by a change in the extracellular conformation of the integrin into an 

active state. Afterwards, the affinity for its specific ligand fibrinogen or collagen-bound vWF 

increases [23, 24]. With appropriate stimulus, the integrin clusters on the cell membrane of 

platelets, which is known as avidity modulation and leads to stabilized and enhanced ligand 

interaction of the integrin [25, 26]. These processes, the avidity and affinity modulation of the 

integrin αIIbβ3, are known as inside-out signaling [23, 25, 27]. 
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The active binding of ligands to the extracellular part of the integrin leads to a further change 

in the intracellular conformation of the integrin. This in turn leads to transphosphorylation of 

the cytoplasmic tail of the receptor and to a downstream signaling cascade (“outside-in 

signaling”) [28, 29]. The outside-in signaling of integrin αIIbβ3 results in strong platelet activation, 

accompanied by an increase in platelet surface area (shape change) and platelet aggregation 

via fibrinogen binding [30, 31].  

In addition to the integrin signaling pathway described above the binding of GPVI to collagen 

leads to the release of intracellular granules. These granules contain for example fibrinogen, 

thromboxane (TxA2) and adenosine diphosphate (ADP) [23]. As the granules are released, 

integrin αIIbβ3 receptors are increasingly externalized on the platelet surface, resulting in 

increased inside-out signaling promoting platelet activation and recruitment in an autocrine 

manner [29]. 

 

1.1.2.4 Platelet activation and shape change via second wave mediators 

TxA2 and ADP contribute to platelet activation by stimulating various receptors [20, 23]. The 

release of these second wave mediators likewise stimulates resting platelets in the blood 

stream that do not come into contact with the subendothelial ECM (fig. 1). This is mediated by 

receptor binding of ADP to the platelet receptors P2Y1 or P2Y12 [32]. In addition, binding of ADP 

to platelets also leads to platelet shape change, mobilization of calcium and aggregation of 

platelets [33]. While the ADP receptor P2Y1 is responsible for shape change and calcium 

mobilization [34], the receptor P2Y12 inhibits the adenylyl cyclase, stabilizes platelet 

aggregation, and leads to αIIbβ3 integrin activation [35].  

Arachidonic acids are converted from cyclooxygenase 1/2 (COX 1/2) into prostaglandin H2 

(PGH2), which is the substrate for the TxA2 synthetase. Synthesized TxA2 is then stored in 

platelet granules and released after activation. TxA2 signaling is mediated through binding of 

the G-protein coupled thromboxane A2 receptors, TPα and TPβ (T-prostanoid receptor; TP-

Receptor) [36, 37], which induce calcium mobilization and subsequently αIIbβ3 integrin 

activation and platelet shape change [38, 39].  

 

In addition to ADP and TxA2, platelet degranulation also releases adhesion proteins such as 

fibronectin, P-selectin, and vWF. Thus, degranulation changes the local plasma composition, 

hereby increasing the recruitment of further platelets to the thrombus [17]. 

As already mentioned, various platelet activation pathways lead to a change in shape and 

surface area of platelets, as shown by scanning electron microscopy in fig. 2 (Elvers; 

unpublished data). In a resting state, platelets circulate through the blood in a discoid (disc-

shaped) form [40] (fig. 2A). After platelet activation, platelets lose their discoid shape and 

become smaller and spherical [41] (fig. 2B). They develop filopodia and lamellipodia to enlarge 
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their surface area (fig. 2B-C). This increase in surface area and shape change of platelets, 

triggered by the polymerization of actin and the cytoskeletal reorganization, enables platelets 

to firmly adhere to the subendothelial ECM and to crosslink with other platelets [17, 41-43].  

 

The combination of the simultaneously occurring signaling pathways described above results 

in stable adhesion and local recruitment of platelets. This creates a cellular thrombus at the 

injured vascular wall, which is stabilized by processes of the following secondary hemostasis. 

 

 
Figure 2. Scanning electron microscopy images of the shape change of murine platelets after activation. In 
a resting state (A) the platelets have a discoid shape and after activation platelet form (B) filopodia and (C) 
lamellipodia. [unpublished data; Research group: Exp. Vascular Medicine; Prof. Dr. Margitta Elvers] 

 

1.1.3 Enhanced platelet activation due to secondary hemostasis  

The unstable thrombus can dissolve due to the prevailing blood flow; therefore, the thrombus 

is stabilized by a secondary hemostasis. This process is dependent on the cleavage of 

prothrombin to thrombin by coagulation factors [44]. Thrombin in turn is involved in the 

cleavage of fibrinogen to fibrin. Moreover, fibrin is then integrated into the thrombus, which 

leads to stabilization of the thrombus. In addition, thrombin, as one of the strongest 

physiological agonists of platelets, can proteolytically cleave and activate the protease-

activated receptors (PAR) on the platelet surface leading to strong platelet activation [45, 46]. 

Thrombin triggers a PAR1 and PAR4 signaling cascade in human platelets [47], whereas it 

induces signaling of PAR3 and PAR4 in murine platelets [45]. The simultaneous processes of 

thrombin activation and fibrin cross-linking lead to stabilization of the thrombus and 

accumulation of other cells like erythrocytes [48].  

The generation of a procoagulant surface is important for thrombin generation and mediated 

through exposure of phosphatidyl serine (PS) at the platelet surface [49]. This facilitates the 

generation of a platelet intrinsic prothrombinase complex resulting in local thrombin generation 

at the site of vessel wall injury. Besides, PS exposure at the membrane of platelets generates 

the coating of platelets with different proteins released after degranulation like fibrinogen, 
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fibronectin, thrombospondin, and vWF to stabilize the growing thrombus through binding of 

coagulation factors and crosslinking of platelets [50, 51].  

 

1.1.4 Plasmin activity and thrombus lysis.  

After primary and secondary hemostasis, a stable clot has formed at the site of vessel injury 

to prevent blood loss. In the course of the removal of the thrombus, the fibrin clot must be 

removed. For this purpose, plasmin is formed from plasminogen by proteolytic cleavage, 

mediated by the enzyme tissue plasminogen activator (t-PA). tPA itself is generated and 

released from the endothelium [52]. Activated plasmin cleaves the crosslinked fibrin network 

allowing a lysis of the stable thrombus. A direct regulator of active plasmin is the inhibitor anti-

plasmin. Plasmin and anti-plasmin rapidly form a 1:1 stoichiometric complex leading to an 

enzymatic inhibition of plasmin [53]. This stable plasmin-anti-plasmin (PAP)-complex is a 

useful indicator of an intact fibrinolysis.  

 

1.2 Megakaryocyte and platelet maturation 

 

Megakaryocytes are the largest cells within in the BM of humans with an approximately 

diameter of 50-100 µm [54, 55]. Rodents like mice also develop some megakaryocytes in 

splenic tissue besides the BM[56]. The main function of MKs is to produce platelets, thereby 

indirectly affecting the vascular integrity. A single MK produces around 2000-5000 platelets to 

provide a physiological platelet count within the blood stream [57].  

 

1.2.1 Megakaryopoiesis  

MKs are derived from the hematopoietic stem cells (HSCs) in the BM. Quiescent HSC stay in 

their osteoblastic niche within the BM. A major factor in the osteoblastic niche is the cytokine 

thrombopoietin (TPO) and its receptor c-Mpl (myeloproliferative leukemia virus oncogene). 

TPO binds to the Mpl receptor on HSCs to stimulate maturation into MKs. In this context, TPO 

is not regulating the maturation of MKs, but stimulates their generation from HSCs [58]. 

Furthermore, mature MKs are also able to regulate the osteoblastic niche via secretion of 

platelet factor 4 (Pf4) as well as transforming growth factor-β 1 (TGF-β 1). HSCs therefore stay 

in their quiescent state because their cell cycle is negatively regulated by both factors [59]. 

Within this differentiation from HSCs to MKs, they migrate to the vascular niche to get in direct 

contact with the BM sinusoids [60]. This migration is mediated through different chemokines 

such as stromal cell-derived factor-1α (SFD-1α), angiopoietin-1 (Ang-1) and TPO [59, 61, 62]. 

Within the maturation process, MKs become polypoid by undergoing several replication cycles 
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and contain a cell nucleus, typically multilobed with up to 128 sets of chromosomes 

(128N) [63]. This process is called endomitosis [64]. Endomitosis serves as preparation for 

high protein biosynthetic effort that is accompanied by platelet formation.  

Platelets are released from the MKs into the vascular system due to proplatelet protrusions. 

Mature MK form a pseudopod with a proplatelet shaft of about 2-4 µm of diameter. This 

pseudopod is extended until it reaches into the BM sinusoids. In the sinusoids, due to 

cytoskeletal reorganization and shear stress, proplatelet tips form and are shed into the 

circulating blood. These proplatelets are larger in size than circulating platelets, have a different 

cell shape [65] and differentiate into mature platelets within the circulation [66].  

As previously described, platelets lose their mRNA content upon aging. Directly after platelet 

formation, platelets inherit the highest amount of mRNA. Therefore, mRNA loss correlates with 

platelet maturation [67, 68]. However, the overall RNA content also changes within the platelet 

life span, since platelets can partly regulate and change their protein biosynthesis through their 

micro RNA cargo [69]. Due to maturation, platelets age and need to be cleared out of the 

vascular system. As already described above, platelet clearance takes place in the liver and 

in the spleen mediated by phagocytic active cells.  

 

1.2.2 The megakaryocyte growth cytokine - TPO 

TPO is the key cytokine involved in MK maturation leading to platelet production. TPO was 

firstly cloned in 1994 and identified as a megakaryocytes growth and developmental factor 

[70]. The human gene encoding thrombopoietin is located on the chromosome 3q27 and 

encodes for a protein consisting of 353 amino acids with a calculated molecular weight of 

38 kDa [71]. TPO is mainly generated in the liver by hepatocytes [72], but is also generated in 

the kidney and in the BM by stromal cells [73]. While TPO is synthesized in different tissues, it 

is always secreted into the vascular system as its biological function is related to 

megakaryopoiesis in the BM. The natural receptor for TPO is c-Mpl, which is abundant on 

platelets and in the BM on HSCs and MKs [74]. Newly formed platelets show a high frequency 

of c-Mpl on their cell membrane, which actively removes TPO from the plasma (fig. 3). Platelets 

are in a negative reciprocal correlation to the TPO concentration in the plasma to control TPO 

plasma levels and subsequently regulate megakaryopoiesis and platelet formation [74-76].  

In contrast to common knowledge, it was firstly described in 2015 that TPO is regulated and 

not commonly expressed as assumed in the past [77]. This process is mediated by 

desialylated, aged platelets that bind to the Ashwell Morell receptor (AMR). The AMR typically 

consists of two subunits, namely ASGPR1 (Asioglycoprotein receptor 1) and ASGPR2 

(Asioglycoprotein receptor 2). It is a transmembrane hetero-oligomeric GP complex that is 

highly conserved among mammalian species [78]. The AMR itself is the first mammalian lectin 
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receptor described in literature. It binds asioglycoproteins and is involved in their hepatic 

clearance [77, 78]. These clearance mechanisms are enhanced by exposure of terminal 

galactose on glycan chains of GPs. Upon ageing, platelets lose the sialic acid moiety on their 

GPs, leading to exposure of terminal β-N-acetyl-D glucosamine (β-GlcNAc) [79]. 

Consequently, platelets bind to the AMR (fig. 3).  

The binding of desialylated platelets to the AMR leads to a signaling cascade downstream of 

the AMR in hepatocytes in vivo and in vitro as recently shown by Grozovsky et al. Janus kinase 

2 (JAK2) is phosphorylated, leading to the activation of the signal transducer and activator of 

transcription 3 (STAT3) [77]. This transcription factor induces hepatic TPO mRNA expression 

to facilitate platelet biogenesis in mice (fig. 3) [77].  

 
Figure 3. Thrombopoietin is synthesized in hepatocytes and induces platelet biogenesis. Senile, aged 
platelets bind to the Ashwell-Morell receptor (AMR), which is located on the membrane of hepatocytes, through the 
loss of their sialic acid moiety (desialylation). AMR induces phosphorylation of Janus kinas 2 (JAK2) resulting in 
phosphorylated signal transducer and activator of transcription 3 (STAT3). Subsequent TPO mRNA transcription 
and translation leads to the secretion of TPO into the blood. TPO binds to its receptor, myeloproliferative leukemia 
virus oncogene (Mpl), at the surface of megakaryocytes and induces the production of new platelets. New platelets 
are characterized by an enhanced abundance of Mpl at their surface leading to TPO extraction out pf the blood. 
Thus, platelets and plasma TPO levels stay in a negative reciprocal correlation to each other important to control 
platelet counts. License Number 1077649-1 [80]. 

 

1.2.3 Role of IL-6 signaling in TPO generation 

Different in vitro studies have shown that IL-6 is important for TPO generation beside the 

already described effects of desialylated platelets [81]. IL-6, secreted by monocytes, 

macrophages, and endothelial cells, is an acute phase cytokine and promotes the acute phase 

response in the liver [82, 83]. IL-6 binds to a receptor complex consisting out of the IL-6 

receptor (IL-6R) and GP130. Once IL-6 is bound, IL-6 mediated “classic” signaling is induced 

through the GP130 receptor subunit. Hepatocytes, Stellate and Kupffer cells (KC) express IL-

6R and thus are able to mediate IL-6 signaling in the liver[84]. Another way to induce IL-6 

signaling is the IL-6 trans-signaling pathway. Cells that do not express IL-6R are able to induce 
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IL-6 signaling by the soluble IL-6R. IL-6 and soluble IL-6R, e.g. released by platelets [85], form 

a complex and bind to cells which express GP130 [86].  

In a clinical study from 2001, Kaser and colleagues provided evidence for the up-regulation of 

TPO plasma levels by IL-6 treatment of cancer patients [87]. Moreover, various clinical studies 

provided evidence for enhanced platelet counts after IL-6 treatment in humans [88-91]. 

However, the exact mechanism how TPO and platelet counts are regulated by IL-6 treatment 

remains unknown. As described above, TPO is synthesized through a JAK2/STAT3 signaling 

pathway. IL-6 induced signaling via IL-6R and GP130 activates different signaling cascades 

including the JAK2/STAT3 signaling [92]. Thus, the hepatic AMR and IL-6R/GP130 share the 

same signaling pathway.  

 

1.3. The liver between structure and function  

 

As the central metabolic organ, the liver regulates many metabolic processes. In the 

carbohydrate metabolism it ensures glycogen synthesis and the regulation of the blood sugar 

level. In lipid metabolism, the liver is responsible for the synthesis and breakdown of fatty acids 

as well as the synthesis of bile acids (BA) from cholesterol. The synthesis and degradation of 

blood plasma proteins (e.g., acute phase proteins or components of the complement system) 

and coagulation factors also take place in the liver. Moreover, the liver is the most important 

detoxification and excretion organ as it filters e.g., toxins associated with food or toxic 

metabolites from the blood (detoxification); also, it converts them into non-toxic substances, 

which are then excreted by the urine or are eliminated with the bile. Additionally, under certain 

conditions, the liver is capable to completely regenerate its volume and function after liver 

damage [93] . 

 

1.3.1 The micro- and macroanatomy of the liver 

The liver is an accessory gland of the middle intestine and is the largest metabolic organ of the 

vertebrate organism. In humans it is positioned in the right upper abdomen under the 

diaphragm [94]. Mice are used in research as experimental animals due to the similarities in 

their anatomical and physiological organization of the liver. While the human liver is clearly 

divided into two large liver lobes [95], the murine liver consists of four liver lobes (the left lateral 

lobe, the right lateral lobe, the caudate lobe and the median lobe) [96]. The left and right lateral 

lobe are additionally separated by incisurae that are slightly movable against each other (the 

left lateral lobe (lobus hepatis sinister lateralis and medialis); the right lateral lobe (lobus 

hepatis dexter lateralis dorsalis and medialis)). The hepatis dexter lateralis ventralis (median 
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lobe) and the lobus caudatus (caudate lobe) are found in the hilum area. The liver gate (porta 

hepatis), which is the entry and exit point for nerve fibers, blood vessels, bile, and lymphatic 

vessels, is located between these lobes [96]. The hepatic artery (A. hepatica) branches off 

directly from the aorta and supplies oxygen-rich blood into the liver [97]. The portal vein (V. 

portae) also enters at the liver gate, loaded with venous, nutrient-rich blood. Since the venous 

blood comes from the unpaired abdominal organs, it is also enriched with metabolic breakdown 

products. In brief, the liver gate system represents a supply and disposal system for the 

digestive organs of the body. Additionally, the bile ducts emerging from the liver, unite at the 

hepatic portal to form the common hepatic duct. The bile is either released directly into the 

intestine (liver bile) or is stored in the gallbladder (fig. 4a) [98].  

The microarchitecture of the human and murine liver consists of hexagonal 1 x 2 mm large 

central vein lobes (Lobuli hepatici; fig. 4b). The periportal field is always formed at the corner 

point of three aligned liver lobes. In this field, the terminal branches of the V. portae and A. 

hepatica as well as the derivative branches of the bile ducts form the so-called Glisson's 

triangle (Glisson's triad). The hepatocytes, which represent 80% of all cells in the liver, are 

arranged in a ray around the central vein. They are the most diverse cell type in the whole 

body as they inherit all main functions of the liver [99]. Hepatocytes are polarized, as they form 

an apical membrane and a basolateral membrane, which are separated from each other by 

tight junctions formed with other hepatocytes. The basal side of the hepatocytes is separated 

from the liver sinusoidal endothelial cells (LSECs) by the space of Disse. In this space, the 

exchange of substances between blood and hepatocytes is mediated [100]. At the apical side 

of the hepatocytes the bile duct canaliculi are formed in order to collect the secreted bile and 

discharge it into the bile ducts [101]. In addition to the endothelial cells, there are other non-

parenchymal cells in the liver: Kupffer’s stellate cells are the irregularly shaped macrophages 

of the liver and are found luminally on the wall of the sinusoid. On the one hand, they 

phagocytize substances and pathogens from the blood (e.g., endotoxins, bacteria, and 

viruses) and therefore fulfill an important function in the immune defense. On the other hand, 

they secrete mediators that regulate the immune response and are important for tissue integrity 

(cytokines, NO, and ROS (reactive oxygen species)) [102, 103]. Para sinusoidal Ito cells 

(hepatic stellate cells) are fat-storing, interstitial cells. They synthesize the hepatocyte growth 

factor (HGF) and store vitamin A. Furthermore, they are important for the production of the 

extracellular matrix [104]. A summary of the cellular architecture of the liver is shown in fig. 4.  
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Figure 4. Functional anatomy of the liver. (a) The liver is directly connected to the blood flow of the small intestine 
via the portal vein while bile is secreted from the gallbladder into the small intestine. (b) Hexagonal structure of the 
liver lobules with the central vein and the portal triad (Glisson’s triad). (c) Functional anatomy of the liver lobules 
with typical cells appearing in the liver. Nutrient rich blood from the small intestine enters the liver through the portal 
vein and flows through the liver lobule into the central vein. Blood flow from the hepatic artery provides oxygen 
supply of hepatic cells. The bile secreted by hepatocytes is assembled through the bile canaliculi which are located 
between the hepatocytes. It enters the bile duct and is stored in the gallbladder. License Number 4950671052767 
[105]   
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1.3.2 Bile acids and the enterohepatic cycle 

Bile formation is an osmotic process that is caused by active secretion of the bile components 

from liver parenchymal cells into the bile duct. The hepatic bile consists of water, bile salts 

(BS), bilirubin, fat (cholesterol, fatty acids, and lecithin) and inorganic salts [106]; whereas BS 

represent the largest proportion of dissolved substances in the bile. Bile is secreted from the 

gallbladder into the small intestine and is physiologically needed for the efficient lipid 

absorption from food. It also regulates cholesterol homeostasis and the metabolism or 

excretion of endogenous (e.g., bilirubin) and exogenous (e.g., heavy metals, medication) 

substances. To prevent the loss of bile salts through excretion, two different mechanism work 

synergistically. BS are steadily synthesized in liver parenchymal cells and then reabsorbed 

from the intestine [107].  

In hepatocytes, 7-hydroxycholesterol is synthesized from cholesterol through several 

enzymatic steps. Primary BA such as cholic acid (CA) and chenodeoxycholic acid (CDCA), – 

are synthesized from 7-hydroxycholesterol. These primary BA are conjugated either with 

taurine or glycine to form the primary bile salt conjugates: Glycocholic acid (GCA), Taurocholic 

acid (TCA), Glycochenodeoxycholic acid (GCDCA) and taurochenodeoxycholic acid (TCDCA). 

At the apical membrane of hepatocytes, these primary BA conjugates are secreted into the 

bile duct and enter the gallbladder. The active canalicular secretion of the conjugated BS 

occurs either via the transporter BSEP (Bile Salt Export Pump, Abcb11) [108, 109], or is 

passively mediated through the MRP2 transporter (multidrug resistance protein 2, Abcc2) and 

sub-canalicular vesicles [110, 111]. Once in the intestine, bile salts are either deconjugated by 

intestinal bacterial or they are converted into the secondary BA deoxycholic acid (DCA) and 

the toxic lithocholic acid (LCA). Over 95% of the bile salt metabolites in the intestine are re-

absorbed through passive diffusion from the gastrointestinal wall membrane into the portal vein 

blood. The absorption into hepatocytes is mediated via the sinusoidal sodium-dependent bile 

salt transporter NTCP (Na+-taurocholate cotransporting polypeptide; Slc10a1) and members 

of the sodium-independent organic anion transporting polypeptide (SLCO/OATP) transport 

family [109, 112, 113]. They are located on the basolateral membrane of hepatocytes and 

distributed over the liver lobule. Up to 80% of the conjugated (e.g. TCA) and 50% of the 

unconjugated BS are transported through this transporter [109, 114-116].  

Furthermore, the transporter MRP3 (Multidrug Resistance Protein 3, Abcc3) is located on the 

basolateral membrane of hepatocytes. MRP3 mediates ATP-dependent transport of 

conjugated primary BA from hepatocytes into the sinusoidal blood to prevent an intrahepatic 

enrichment of toxic BA [117]. This process of secretion from hepatocytes through the 

gallbladder into the intestine and reabsorption from the intestine into the hepatocytes is called 

the enterohepatic circulation of BA. Thereby, only a small part of the water-soluble BAs are 

excreted via feces and urine and needs to be newly synthesized.  
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1.4 The basics of liver injury and regeneration   

 

In humans and rodents, there is a close correlation between body size and liver mass that is 

accompanied by a pronounced ability of the liver to regenerate after damage or tissue injury 

[118]. In principle, two mechanisms of liver regeneration can be distinguished: 

If there is a functional impairment due to a chronic liver injury (e.g. chronic poisoning, alcohol 

abuse, or chronic hepatitis), which leads to a limited replication potential of hepatocytes, an 

optional cellular compartment in the liver is activated [119, 120]. These cells exhibit properties 

of stem cells and are inactive in the normal state [121, 122]. Proliferating cells quickly emerge 

from this cell compartment and differentiate into hepatocytes or cholangiocytes [123, 124]. In 

rodents this bi-potent cell type is called oval cell, the human equivalent is the hepatic progenitor 

cell (HPC) [125].  

In case the acute liver injury (e.g. trauma, acute poisoning, liver resections or infections) is 

accompanied with a loss of liver mass without losing the functional integrity of the remaining 

liver tissue, the regeneration is mainly guaranteed through differentiated hepatic cells like the 

hepatocytes and cholangiocytes [93, 126]. Therefore, a compensatory hyperplasia of the 

remaining liver tissue is developed.  

 

1.4.1 Cholestasis as example for chronic liver injury 

One type of chronic liver damage is cholestasis. Cholestasis is induced by restricted or 

interrupted bile secretion and flow, resulting in an enrichment of bile substances in the blood 

and the liver parenchyma. Functional impairment of hepatocytes or the mechanical obstruction 

of the excretory pathway of the draining bile ducts lead to interrupted bile secretion. A 

distinction is made between intrahepatic and extrahepatic cholestasis [127].  

In intrahepatic cholestasis, bile excretion from the hepatocytes is disrupted and the bile is 

retained in the liver. Intrahepatic cholestasis can be caused by a hepatocellular carcinoma, 

liver cirrhosis or primary biliary cholangitis (PBC). In addition, it has been shown that rats 

treated with endotoxin (LPS) develop a sepsis induced cholestasis [128]. 

An obstructive, extrahepatic cholestasis is caused by mechanical disruption of the biliary tract, 

e.g., by carcinomas or gallstones [127]. In the experimental animal model, obstructive 

cholestasis is caused by bile duct ligation (BDL) [127, 129]. Laboratory parameters 

characterizing a cholestasis in humans are an increase in conjugated bilirubin, enhanced 

levels of alkaline phosphatase (ALP) and γ-glutamyl transferase (γ-GT) in the serum as well 

as different expression profiles of hepatobiliary transport proteins [130, 131]. 
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1.4.2 Partial hepatectomy as example for an acute liver injury and regeneration  

Liver resection is one of the most important therapeutic approaches for liver cancer treatment 

(hepatocellular carcinoma, HCC; cholangiocellular carcinoma, CCC) [132, 133]. However, liver 

resection is limited by the required residual volume and the ability of the liver to regenerate. A 

resected and transplanted liver which is too small increases the risk of post-hepatectomy liver 

failure [134]. The transplanted liver is either too small in size for the body mass of the recipient 

(<0.8 - 1%); or the residual liver is too small for the donor. This can lead to life-threatening 

organ failure (small for size syndrome) [135]. A better understanding of the processes involved 

during liver regeneration could lead to the development of therapies that would improve 

survival of patients and organ donors after liver resection or liver transplantation.  

To study the regenerative capability of the liver, different in vivo models are used. A distinction 

is drawn between surgical [partial hepatectomy (PHx) and BDL] or chemical/toxical (e.g., 

carbon tetrachloride (CCl4), D-Galactosamine or acetaminophen) models. Using the model of 

PHx, 70% of the physiological liver mass is removed. The ligation of the bile duct leads to 

biliary congestion by ligating the common hepatic duct in the liver, which results in fibrosis after 

a short time period. Through an application of CCL4, hepatotoxic liver injury (hepatitis) is 

chemically induced that leads to apoptosis of the liver parenchyma [136]. The advantage of 

this application is, in contrast to PHx or BDL, the easy performance. Disadvantages of this 

model are the low reproducibility and a higher variation of the resulting liver damage and 

regeneration [137]. With a dissection of more than 70% of the total liver volume, the 

regenerative capacity is reduced and the mortality is increased in the mouse model of PHx 

[138].  

 

1.4.2.1 Liver regeneration in mice  

The ability of the liver to regenerate was made public by the pioneering 2/3 PHx model shown 

on rodents by Higgins and Anderson in 1931 [139]. After the surgical removal of two thirds of 

the liver (70%), the remaining liver tissue increases until the original liver mass is restored. 

Under physiological conditions the cell cycle of mature hepatocytes is usually at rest (G0 

stage). In rodents, 44-48 hours after a PHx an orchestrated division of almost all mature 

hepatocytes (95%) takes place [140]. If only 30% of the liver is dissected, the residual liver 

tissue will regenerate slowly, and the division of the hepatocytes is not synchronized [135]. In 

the liver lobule, DNA synthesis starts in hepatocytes that surround the portal vein and it 

proceeds in hepatocytes towards the central vein [141]. After 24 hours, about 1/3 of the 

hepatocytes divide again. The division of the non-parenchyma cells takes place approx. 12-24 

hours after the first hepatocyte mitosis. Every hepatocyte passes the cell cycle 1.4 times on 

average before it returns to the G0-phase [142]. The liver tissue increases until an optimal ratio 
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between liver and body mass is reached, ensuring perfect metabolic function [143]. Strikingly, 

serial transplantations performed in mice showed that adult murine hepatocytes are 

comparable to hematopoietic stem cells and can undergo up to 80 cell divisions [144], although 

mammalian cells usually age after 20-30 cell divisions [135]. Thus, the healthy liver can 

maintain its organ-specific function after injury until it is fully regenerated. In rodents and 

humans, liver regeneration is completed within approximately 7 - 14 days [145, 146].  

 

1.4.2.2 IL-6 signaling and liver regeneration  

As acute phase cytokine, IL-6 is important for liver regeneration after PHx or liver injury in 

general since IL-6 knock out mice display an impaired acute phase response [147]. An 

inflammatory stimulus of KCs leads to expression and secretion of TNFα. This stimulus 

promotes the expression of IL-6 [142]. IL-6 signaling thereby facilitates the expression of 

hepatocyte growth factor [148]. Genetic deletion of IL-6 leads to impaired liver regeneration, 

while treatment with recombinant IL-6 reverts impaired liver regeneration [149]. Additionally, 

recent studies from Modares et al revealed that blockade of overall IL-6 signaling or selective 

inhibition of IL-6 trans-signaling leads to impaired liver regeneration and survival in the murine 

model of PHx [148]. Similar results were already shown in the model of CCl4 induced liver 

damage by blocking the IL-6 trans-signaling [150].  

 

1.5 Bleeding risk, thrombosis, and thrombocytopenia after liver 

injury 

 

Platelets are major players in hemostasis and thrombosis but also modulate inflammation, 

angiogenesis, apoptosis, and stem cell recruitment after organ damage [151]. The hemostatic 

system is constantly in a balance between pro- and anti-hemostatic processes to avoid 

bleeding complications on the one hand and thrombotic events on the other hand.  

Far-reaching hemostatic changes in patients with liver disease are known. Many proteins of 

the hemostatic system are synthesized in the liver such as fibrinogen and the coagulations 

factors II, V, VII, IX, X, XI and XII [152-155]. Only two hemostatic proteins, namely vWF and 

Factor VIII, are not mainly synthesized in the liver, [156-158]. Furthermore, a diseased liver 

shows diminished hepatic clearance due to a reduced ability to metabolize activated proteins 

of the hemostatic system [159]. Therefore, liver diseases are usually characterized by 

decreased coagulation but also hypercoagulability is examined, e.g. in patients with liver 

cirrhosis [159, 160]. Beside alterations in coagulation, thrombocytopenia and platelet defects 

are described in patients with liver disease often leading to bleeding complications. This 
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suggests a bivalent role of platelets in liver disease [161-164]. Additionally, platelet invasion 

into the sinusoidal space of the diseased liver tissue was already shown in mice after 

BDL [165].  

The recruitment of platelets into the liver is supported by systemic inflammatory stimuli. The 

current consensus is that the close connection between blood and liver cells in the sinusoids 

of the liver enables platelets to participate in inflammatory processes upon liver injury. This 

hypothesis is supported by new studies from Sitia et al, who were able to demonstrate a 

reduced virus-specific T-cell-mediated inflammation after antithrombotic therapy in chronic 

hepatitis B infection [166]. Additionally, various studies in recent years indicated that platelets 

could modulate liver regeneration after liver damage and exert protective effects by inhibiting 

fibrotic events. According to literature, there is evidence for platelets supporting liver 

regeneration via serotonin, insulin-like growth factor 1 (IGF-1) and hepatocyte growth factor 

(HGF) [161, 167-169]. An increase in platelet counts showed an improvement in acute 

hepatitis, whereas cholestasis-induced liver fibrosis in mice worsened upon thrombocytopenia 

[169, 170]. In contrast, platelet recruitment leads to reduced microcirculation through the 

release of serotonin after virus-induced hepatitis [171]. Therefore, it is currently assumed that 

platelets play a bivalent role in liver diseases, which are often associated with 

thrombocytopenia, but also lead to platelet recruitment and thus to ischemic and inflammatory 

events. However, the molecular mechanisms underlying platelet-mediated effects after liver 

damage are largely unknown. 
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1.6. Scope of the study 

 

In literature, platelet mediated mechanisms after liver injury are controversially discussed. To 

date, it is only incomplete understood whether platelets act hepatoprotective or not. 

Nevertheless, various reports provided evidence that primary hemostasis is differently affected 

in various liver diseases, thereby either preventing or even further accelerating liver injury.  

In this thesis, the role of platelets in liver damage and liver regeneration was investigated using 

two operation models for acute and chronic liver injury, namely PHx and BDL. At first, the aim 

of the study was to analyze platelet function, thrombus formation and bleeding risk in mice 

undergoing the two different liver injury models. Notably, among common agents inhibiting 

platelet function like NO and PGI2, an analysis of BA mediated effects on platelet function was 

considered. To study hemostatic dysfunction, all experiments were initially performed using 

wildtype mice (C57Bl6/J mice), to get a precise overview of the influence of BDL and PHx on 

primary hemostasis alone.  

Additionally, a detailed analysis of the regulation of platelet counts after PHx was performed, 

as liver injury is often accompanied by thrombocytopenia. Therefore, different knock out mouse 

models were used which are known or assumed to be involved in the regulation of hepatic 

TPO. It is already known that hepatic TPO production is regulated through the hepatic AMR in 

steady state conditions. However, nothing is known about TPO regulation via the AMR 

signaling cascade upon acute inflammation and after liver resection. Likewise, nothing is 

known about the impact of IL-6R signaling in TPO biosynthesis and regulation of platelet 

counts. Therefore, TPO signaling pathways in the liver tissue of wildtype and IL-6R deficient 

mice before and after liver resection were examined. In comparison, IL-6R mediated signaling 

was investigated in Asgr2-/- mice. As TPO is the ligand for the c-Mpl receptor that subsequently 

induces megakaryopoiesis, c-Mpl deficient mice were used as a tool to study liver regeneration 

under thrombocytopenic conditions.  

Overall, the aim of this thesis was to gain a deeper understanding how platelet defects and 

defective hemostasis develop upon acute and chronic liver injury and how platelet counts are 

regulated in mice especially with reduced liver tissue. Thus, the results of this study might help 

to develop new therapeutic approaches to improve the outcome of patients with liver disease.  
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2. Material  

 

2.1 General devices and equipment 

If not other stated general material like tubes, falcons, pipette tips, syringes, etc. were 

purchased from ErgoOne, Starlab, Sarstedt and Braun.  

 

2.1.1 General Devices  

Equipment Model Company 

Micropipettes Research plus  Starlab & Eppendorf 

Multichannel pipette Peqpette Peqlab 

Multipipette Multipette® plus Eppendorf 

Pipettor Pipetboy acu Integra Biosciences 

Magnetic stirrer RET basic IKA Labortechnik 

Benchtop, pH-Meter WTW pH526 Xylem Inc. 

Roll mixer RM5 CAR 

Thermo shaker TS-100C bioSan 

Glass capillaries minicaps®, Na-hep Hirschmann 

Citrate tube BD Vacutainer; BD BD BioSciences 

Cover slip 24x60 mm Kindler 

FACS tubes 5 ml tube, 75 x 12 mm, PS Sarstedt 

96-Well microtiter plate Luminunc™ F96 Microwell™ VWR 

Filter paper 
 

Whatman 

Bench scale AE166 Mettler -Toledo 

Bench scale Secura® Sartorius 

Bench scale Practum® Sartorius 

Microwave NN-E201WM Panasonic 

Centrifuge, Mini D-6020 neoLab 

Centrifuge, tabletop 5415-C Eppendorf 

Centrifuge, cooling 5424-R Eppendorf 

Centrifuge, cooling 5804-R Eppendorf 

Centrifuge, tabletop 2-16 Sigma-Aldrich 

Photometer BioPhotometer® D30 Eppendorf 

Cuvette µCuvette® G1.0. Eppendorf 

Syringe pump KDS100 KD Scientific Inc. 
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2.1.2 Equipment for tissue preparation and histology 

 

Equipment Model Company 

Automatic microtome Microm HM355 Thermo Fisher Scientific 

Paraffin Dispenser round model Medax 

Humidity Chamber 
 

Simpore Inc. 

Paraffin section flotation bath MH8517 Electrothermal 

Precellys® 24 homogeniser 432-3750 Bertin Technologies 

 

2.1.3 Equipment for electrophoresis, western blot and imaging 

 

Equipment Model Company 

Nitrocellulose membrane 
 

GE Healthcare 

Universal power supply PowerPac™ BioRad 
Laboratories 

Semi-Dry blotsystem PerfectBlue™ Peqlab 
Double gel system PerfectBlue™ Peqlab 
Horizontal agarose gel  PerfectBlue™ Wide Format Gel 

System 
Peqlab 

Chemiluminescence Imager Vilber Fusion-FX6 Vilber Lourmat 
Microscope, inverse Axio Observer D1 Zeiss 
Microscope- color camera Axiocam 503 color Zeiss 
Microscope Axioskop Zeiss 
Microscope- color camera Axiocam 105 color Zeiss 
Microscope- lamp module HXP 120C Zeiss 

 

2.1.4 Special equipment for sample analysis 

 

Equipment Model Company 

Mikrotiter plate reader GloMax® Multi+ Promega 
Spotchem-biochemical analyzer EZ SP-4430 AxionLaB 
Reflotron® Plus Roche 
ViiA™ 7 Real-Time PCR System 7 Flex System Thermo Fisher Scientific 
PCR Cycler Mastercycler nexus gradient Eppendorf 
Flow chamber system 

 
Maastrich Instruments 

Flow cytometer FACS Calibur BD BioSciences 
Hematology analyzer KX-21N Sysmex 
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2.1.5 Special Equipment for surgical procedures 

 

Equipment Model Company 

Clamps 13 cm S&S Medizintechnik 

Needle holder 15 cm, # 03E-022 S&S Medizintechnik 

Scissors, cutticle 11,5 cm, # BC106R S&S Medizintechnik 

Scissors 14 cm, #BC242R S&S Medizintechnik 

Forceps, surgical 11,5 cm, # BD555R S&S Medizintechnik 

Forceps, anatomical 11,5 cm, # BD043A S&S Medizintechnik 

Forceps, micro 07.61.82 Medicon eG 

Forceps, tying FD-281 R Aesculap AG 

Suture tie, vicryl 5-0 #V396H Ethicon 

Suture tie, mersilene 4-0 # EH7632H Ethicon 

Clipper Isis Aescular GT420 Braun 

Transparent polyurethane film Opsite Smith & Netphen 

Heating mat ThermoLux® Wiite + Sutor GmbH 

Binokular  Mod.A1; s/n 250023 Optech Labcenter SpA 

Flowprobe Transonic® Flowprobe Transonic Systems Inc. 
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2.2. Chemicals and buffer 

 

2.2.1 Chemicals  

 
Chemical Company 

0.9% NaCl solution Fresenius Kabi 
4-2-Hydroxyethyl-piperazinyl-ethanesulfonic acid (HEPES) Carl ROTH GmbH 
4′,6-diamidino-2-phenylindole (DAPI) Roche 
Acetic acid (CH3COOH) Sigma-Aldrich 

Acrylamide Carl ROTH GmbH 
Adenosine diphosphate (ADP) Sigma-Aldrich 
Agarose Sigma-Aldrich 
Ammonium persulfate (APS 10%) Sigma-Aldrich 
Apyrase Sigma-Aldrich 
Bovine serum albumin Sigma-Aldrich 
Buprenorphine Sigma-Aldrich 
Calcium chloride (CaCl) Sigma-Aldrich 
Chloroform Sigma-Aldrich 
Citric acid (C6H8O7) Sigma-Aldrich 

Collagen (Horm) Takeda 
Collagen related peptide (CRP) University of Cambridge, UK 
Dithiothreitol (DTT) Sigma-Aldrich 

DMSO (Dimethylsulfatoxid) Sigma-Aldrich 
DNaseI recombinant RNAse - free Roche 
EDTA (ethylenediaminetetraacetate) Sigma-Aldrich 
Eosin Carl ROTH GmbH 
Ethanole 100% (EtOH) Merck Millipore 
Ferric (III) chloride (Fe3Cl) Sigma-Aldrich 
Fibrinogen Sigma-Aldrich 
GCDC Carl ROTH GmbH 

Glucose Carl ROTH GmbH 
Glycine Carl ROTH GmbH 
Goat serum Bio & Sell 

Hemalun Carl ROTH GmbH 
Heparin-Natrium-25000 Braun 
IGEPAL® CA-630 Sigma-Aldrich 
Isoflurane Piramal critical care 
Ketamin (Ketaset) Zoetis 
Magnesium chloride (MgCl) Carl ROTH GmbH 

Methanole 100% (MeOH) Merck Millipore 
Mounting medium Aquatex Merck Millipore 
Neuraminidase (Vibrio Cholerae) Roche 
PAR4-peptide Tocris Bioscience 
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Paraffine Carl ROTH GmbH 
Paraformaldehyde 4% Carl ROTH GmbH 
Phosphate buffered saline (PBS) Sigma-Aldrich 
Ponceau-solution Sigma-Aldrich 
Potassium perrmanganate (KMnO4) Merck Millipore 
Powdered skim milk Frema Reform 

Precision Plus Protein Dual Color Standards BioRad Laboratories 

Prostaglandin Merck Millipore 

Proteinase-inhibitor (cOmplete Tablets Mini Easypack) Roche 
RNAse-1 Thermo Fisher Scientific 
Roti Histokitt Carl ROTH GmbH 
Roti Histol Carl ROTH GmbH 
Roti Quant 40% Carl ROTH GmbH 
Roti®Histol Carl ROTH GmbH 
Sodium chloride (NaCl) Sigma-Aldrich 
Sodium orthovanadate (Na3VO4) Sigma-Aldrich 
Sodium nitroprussid (SNP) Merck Millipore 
Sodium phosphate dibasic (Na2HPO4) Carl ROTH GmbH 

Sodium dihydrogenphosphate(NaH2PO4) Carl ROTH GmbH 

Sodium acid (NaN3) Carl ROTH GmbH 
Sodium hydrogencarbonate (NaHCO3) Merck Millipore 
TC Carl ROTH GmbH 
TCDC Carl ROTH GmbH 
TDC Carl ROTH GmbH 
Tetramethylethylenediamine (TEMED) Carl ROTH GmbH 
Thrombin 20U Roche 
TLC Carl ROTH GmbH 
Trisodium citrate Carl ROTH GmbH 
TritonTM X-100 Sigma-Aldrich 
Trizma®-base Sigma-Aldrich 
Trizma®-HCl Sigma-Aldrich 
TRIzol® Sigma-Aldrich 
Tween20 Merck Millipore 

U46619 (U46) Tocris Bioscience 

Xylazine (Xylazinhydrochlorid) Serumwerk Bernburg 

β-mercaptoethanole Carl ROTH GmbH 

ε-aminocaproic acid (C6H13NO2) Sigma-Aldrich 
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2.2.2 Buffers & Solutions 

 
 
 

Buffer/Solution Recipe 
 

IP-Buffer  
(stock solution 5x) 

15 mM Tris-HCl 
155 mM NaCl 
1 mM EDTA 
0,005% NaN3 
1 L dH2O 

Annexin V binding buffer 10mM Hepes (pH: 7.4) 
140 mM NaCl 
2.5 mM CaCl2 
 

blot buffer A 36,3 g Trizma-Base 
200 mL MeOH 
800 mL dH2O 
pH 10,4 

blot buffer B 3,03 g Trizma-Base 
200 mL MeOH 
800 mL dH2O 
pH 10,4 

blot buffer C 5,2 g ε-aminocaproic acid 
200 mL MeOH 
800 mL dH2O 

citrate buffer 41 mL 0.1 M trisodium citrate 
9 mL 0.1 M citrate acid 
450 mL dH2O 
pH 6.0 

decalcification buffer 10% EDTA 
PBS 
pH 8.0 

heparin-solution (20 U/ml) 40 µl heparin natrium 5000 I.E 
10 ml PBS 

human Tyrode's buffer  
 

137 mM NaCl 
12 mM NaHCO3 
2.8 mM KCl 
0.4 mM NaH2PO4 
5.5 mM glucose 
pH 7.4 

Laemmli (6x) 0,93 g DTT 
1 g SDS 
7 mL 4x stacking gel buffer 
3 mL glycerine  
0.02% bromphenol blue 

Lysis buffer  
(5x stock solution) 

5 x IP-Puffer (2mL) 
5% IGPAL 
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5 mM NaVO4 

1x Proteaseinhibitor cOmplete plus Roche 
murine Tyrode’s buffer  
 

134 mM NaCl 
12 mM NaHCO3  
2.9 mM KCl 
0.34 mM Na2HPO4 
20 mM HEPES 
10 mM MgCl2 
5 mM glucose 
0.2 mM CaCl2 
pH 7,35 

RIPA-Puffer 150 mM NaCl 
50 mM Tris 
0.1% SDS 
0.5% sodium deoxycholate 
1% TritonX-100 

SDS-PAGE-running buffer  
(5x stock solution) 

15.1 g Trizma-Base 
72 g glycine 
5 g SDS 
ad 1 L dH2O 
pH 8.3 

SDS-PAGE stacking gel buffer  
(4x stock solution) 

6.05 g Trizma-Base 
80 mL dH2O 
pH 6.8 
ad 100 mL dH2O 
0.4 g SDS 

SDS-PAGE running gel buffer  
(4x stock solution) 

91 g Trizma-Base 
400 mL dH2O 
pH 8,8 
ad 500 mL dH2O 

Tris buffered saline  
(TBS, 5x stock solution)) 

15,8 g Trizma-HCl 
45 g NaCl 
ad 1 L dH2O 
pH 7,6 

TBS-T 100 mL 5x TBS-Puffer 
500 µL Tween 
400 mL dH2O 

Tris acetate EDTA (TAE)-buffer 242 g Trisma-base 
57.1 ml acetic acid 
100 ml 0.5% EDTA 
pH = 8 
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2.3 Antibodies 

 

2.3.1 Primary antibodies 

 

Antigen  Host species Clonality Use Company 

TPO sc-398525 mouse polyclonal WB Santa Cruz 
STAT3 #12604 rabbit monoclonal WB Santa Cruz 
Phospho-STAT3 Tyr705, 
#9145 

rabbit monoclonal WB Cell Signaling 

STAT5 #9363 rabbit monoclonal WB Cell Signaling 
Phoshpo-STAT5 Tyr694, 
#9351 

rabbit monoclonal WB Cell Signaling 

JAK2 #3230 rabbit monoclonal WB Cell Signaling 
Phospho-JAK2 
Tyr1007/1008, #3771 

rabbit monoclonal WB Cell Signaling 

VASP #3112 rabbit monoclonal WB Cell Signaling 
Phospho-VASP Ser157 
#3111 

rabbit monoclonal WB Cell Signaling 

Phospho-VASP Ser239 
#3114 

rabbit monoclonal WB Cell Signaling 

Actin #4979 rabbit monoclonal WB Cell Signaling 
GAPDH  
14C10, # 2118 

rabbit monoclonal WB Cell Signaling 

GPIbα rat monoclonal IF Emfret analytics 
GPIX rat monoclonal IF Emfret analytics 
GPIbβ (DyLight488) rat monoclonal flow chamber Emfret analytics 

 

2.3.2 Secondary antibodies 

 
Antigen Species Clonality Conjungate Dilution Company 

Anti-rabbit goat polyclonal horseradish-peroxidase  1:10000 Invitrogen 
Anti-mouse goat polyclonal horseradish-peroxidase  1:10000 Invitrogen 
Anti-rat goat polyclonal Alexa-Fluor555 1:200 Invitrogen 
Anti-rat goat polyclonal Alexa-Fluor594 1:250 Invitrogen 
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2.3.3 Antibodies for Flow Cytometry 

 

All Antibodies used for flow cytometric analysis were monoclonal except for vWF and Neu-1 

(both polyclonal) and used in a 1:10 dilution in respective Tyrode’s buffer. 

  

Antigen Term/Clone Species Company 

Mouse CD62P P-selectin/Wug.E9 rat Emfret analytics 
Mouse CD41/CD61 JON/A rat Emfret analytics 
Mouse CD61 Luc.H11 rat Emfret analytics 
Mouse GPVI JAQ1 rat Emfret analytics 
Mouse CD49e Tap.A12 rat Emfret analytics 
Mouse CD42b Xia.G5 rat Emfret analytics 
Mouse vWF polyclonal rat Emfret analytics 
Human CD41/CD61 PAC-1 mouse BD BioSciences 
Human CD62P P-Selectin mouse BD BioSciences 
Human Neu-1 polyclonal mouse Santa Cruz Biotech. 

 

 

2.3.4 Peptides and dyes for flow cytometric analysis 

 
Peptide/Dye Conjugate Dilution Company 

Thiazole Orange (ReticCount) - 1:1000 BD BioSciences 
RCA-1 FITC 1:100 Vectorlabs 

WGA FITC 1:100 Vectorlabs 
EGA FITC 1:100 Vectorlabs 
Annexin V Cy5 1:10 BD BioSciences 
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2.4 Oligunucleotides  

All used Oligonucleotides in this study were synthesized and purchased from Eurofins 

Scientific.  

Target gene Direction Primer sequence 

Il-6r forward 
reverse 

5-’CTGCCAACCTTGTGGTATCAG-3’ 
5-’GCAGCAAGTAGTAACTCGGGT-3' 

Asgr1 forward 
reverse 

5-’ACGTGAAGCAGTTAGTGTCTG-3’ 
5-’CCTTCATACTCCACCCAGTTG-3’ 

Asgr2 forward 
reverse 

5-’GCTCAGTGGCGATGATGAAC-3’ 
5-’AGAGGCGCTGAGGAAAGG-3’ 

Tpo forward 
reverse 

5-’CACAGCTGTCCCAAGCAGTA-3' 
5-’CATTCACAGGTCCGTGTGTC-3’ 

Gapdh forward 
reverse 

5-′GGTGAAGGCGGTGTGAACG-3′ 
5-′CTCGCTCCTGGAAGATGGTG-3′ 

Mpl forward WT 
forward KO 
reverse KO 

5‘-GTCTCCATGGAGGCTTAGGTGGGA-3‘ 
5‘-GAAGAGCTTGGCGGCGAATGGGCT-3‘ 
5‘-TCCAAGGTAAAGCACTGAAGTCCA-3‘ 

   

2.5 Kits 

Kit Catalog No. Company 

PGI2 Kit CSBE13698m CUSABIO BIOTECH 
NO Assay KGE001 R&D Systems 
ELISA Kit for Tissue Plasminogen 
Activator (tPA) 

SEA525Mu Uscn Life Science Inc 

Mouse plasmin-antiplasmin complex 
ELISA 

CSB-E08436m CUSABIO BIOTECH 

Mouse IL - 6 DuoSet ELISA DY406 R&D Systems 
Mouse CXCL12/SDF-1 DuoSet ELISA DY460 R&D Systems 
Mouse Thrombopoietin DuoSet ELISA DY488 R&D Systems 
Serotonin ELISA Kit ADI-900-175 Enzo Life Sciences  
Precellys Lysing Kit P000918-LYSK0-A Bertin Technologies 
RNeasy Mini Kit 74104 Qiagen 
InPromII Reverse transcription System A3800 Promega 
Fast Sybr Green Master Mix 4385610 Life Technologies 
KAPA-Mouse-Genotyping Hot Start Kit 07-KK7352-01 Peqlab 
ALT/AST/Bilirubin 77182 Arkray 
ALP 77176 Arkray 
Mouse Von Willebrand Factor A2 ELISA ab208980 Abcam 
Neuraminidase Assay Kit ab138888 Abcam 
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2.6 Software 
 

Software Company 

Microsoft Office 2010 Microsoft Corporation 
Graph Pad Prism 7.02 GraphPad Software 
Fiji Is Just ImageJ NIH Image 
FlowJo Single Cell Analysis v10 FlowJo LLC 
ViiA™ 7 Software Thermo Fisher Scientific 
ZEN 2012 (blue) Zeiss 
LabChart Reader 8.1.6 Windows ADInstruments 

 

2.7 Animals 

All mice used for animal experiments were either obtained from commercial animal suppliers 

or generated in the animal facility of the Heinrich Heine University of Düsseldorf (ZETT). All 

mice were kept under standard laboratory specific pathogen-free (SPF) conditions according 

to the guidelines of FELASA (Federation of European Laboratory Animal Science Association). 

Mice were kept in groups in plastic cages (GMOs) with a standardized 12 h day/night rhythm. 

They were fed with standard rodent chow and water ad libitum.  

For the analysis of wild type mice, C57BL/6J mice were obtained from Janvier Labs. IL-6R-/- 

(Stock No: 012944) mice were obtained from Jackson Laboratory. Mpl-/- mice 

(B6;129S1-Mpltm1Wsa/Mpltm1Wsa) were kindly provided by Prof. Ute Modlich (Paul Ehrlich 

Institute, Langen). IL-6R-/- and Mpl-/- mice were raised in inbreeding strains in the animal facility 

of the Heinrich Heine University of Düsseldorf (ZETT). Samples from Asgr2-/- mice (Stock No: 

002361, Jackson Laboratory) were kindly provided by Prof. Karin Hoffmeister (Versiti Blood 

Research Institute, WI). All experiments carried out in this work were performed with male mice 

at the age of 8-16 weeks. All animal experiments were conducted according to the Declaration 

of Helsinki and the guidelines from the Directive 2010/63/EU of the European Parliament on 

the protection of animals. The protocols were approved by the Heinrich-Heine-University 

Animal Care Committee and by the State Agency for Nature, Environment and Consumer 

Protection of North Rhine-Westphalia (LANUV, NRW; Permit Number 84-02.04.2015.A462; 

84-02.04.2016.A196; O 86/12 and 84-02.04.2016.A493). 
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Table 1.  Summary of experimental mice strains used throughout this thesis including the scientific focus 
and the experimental approaches for which they were sacrificed. 

Mice strains Term Objective Experimental model 

C57Bl6/J WT  
Hemostasis and Thrombosis after 
liver injury & TPO regulation 

Sham 
PHx + BDL 

IL-6R-/- 
IL-6R+/+ 
IL-6R-/- 

TPO regulation & Hemostasis PHx 

Mpl-/- 
Mpl+/+ 
Mpl-/- 

Liver regeneration 
Sham 
PHx 

Asgr2-/- 
Asgr2+/+ 
Asgr2-/- 

TPO regulation Native 

 

 

The mice were either sacrificed by cervical dislocation or after successful anesthesia with 

ketamine [100 mg/kg] and xylazine [10 mg/kg]. After anesthesia the thorax was opened and 

an incision was made in the right atrium followed by directly purging of cold heparin solution 

through the left ventricle of the heart.  

 

There is an exceptional permission according to § 16 Abs. 1 Satz 5 TierSchVersV, which allows 

Mr. Friedrich Reusswig to carry out the surgical animal experiments described in the above 

mentioned permission (file number 84-02.04.2016.A493; file number 39/11-1-102_7 HHU). Mr. 

Friedrich Reusswig has completed a laboratory animal science course according to FELASA 

guidelines (category B). 

 

2.8 Human blood samples 

 

Ethics vote 

 
Experiments with human blood were reviewed and approved by the Ethics Committee of the 

Heinrich-Heine University, who approved the collection and analysis of the blood. Subjects 

provided informed consent prior to their participation in the study (patients’ consent): 

Permit/Study Number 2018-140-KFogU. 
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3. Methods  

 

3.1 Liver injury models 

 

3.1.1 Partial hepatectomy 

The PHx serves as a model to study the regenerative capacity of the liver. In this study a 2/3 

PHx was performed, meaning that two third of the liver mass were dissected (fig. 5).  

PHx of mice was performed by using a modification of the method described by Greene and 

Puder [172] with two separate ligatures and removal of the gallbladder. The operation was 

always performed between 8 - 12 am. In order to reduce post-operative pain, mice were treated 

with Buprenorphin [0.1mg/kg] i.p. before surgery. Mice were placed into an acrylic glass 

chamber for induction of the anesthesia with an inflow of 3% isoflurane and an oxygen flow 

rate of 1 L/min. After induction of a sufficient depth of anesthesia, which was characterized by 

a lack of reflexes in response to pinching the mice foot, the mice were fixed in a supine position 

on a heated surgical pad. The mice head was placed in a mask connected to an evaporator 

with a constant inflow of 2% isoflurane and an oxygen flow rate of 1 L/min. The abdomen of 

the mouse was shaved and subsequently disinfected. PHx was initiated by an approximately 

3 cm long, median laparotomy starting distal and ending proximal to the processus xiphoideus, 

thus severing the skin and muscle layers of the abdomen in two separate incisions. During 

surgery, the liver was manipulated and moved using saline wetted Q-tips to avoid injury. At 

first, the ligamentum falciforme was cut using microdissection scissors. Next, the left lateral 

lobe as well as the left and right segments of the median lobe containing the gallbladder were 

ligated using 4-0 polyester suture tie resulting in a 2/3 PHx. After ligation, the individual lobes 

Figure 5. Images of the partial hepatectomy performed in mice (PHx). (A) Mice were kept under anesthesia with 
an inflow of 2% isoflurane and an oxygen flow rate of 1 L/min. (B) The abdominal cavity was opened by a 3 cm long, 
median laparotomy. (C) First, the left lateral lobe was ligated and dissected. (D) Second, the left and right segments 
of the median lateral lobe were likewise removed. After dissection, the abdominal cavity was rinsed with preheated 
sterile saline buffer and closed using interlocking running stitches. 

A B C D 
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were resected, and the abdomen was flushed with 5 mL of a preheated sterile saline solution 

to ensure the removal of blood as well as to decrease contamination of the abdominal cavity. 

Sham operated control mice underwent the same surgical procedure, without ligating and 

removing of liver tissue. After the removal of 2/3 of the liver, the abdominal cavity was closed 

using an interlocking running stitch with 5-0 polyester suture tie. Hypoderm and skin were 

likewise closed. Subsequently, the mice were weighed in order to enable the determination of 

weight losses or gains on following days. The mice received either 0,1 mg /kg Buprenorphine 

via i.p. injection 6 h post operation or continuously through the drinking water (conc. 0.009 mg 

/mL Buprenorphine in H2O). 

For a better differentiation between classic and trans-signaling of IL-6, a method was used to 

increase IL-6 trans-signaling. To induce IL-6 trans-signaling, C57Bl6 mice were injected once 

with 20 μg of the fusion IL-6/sIL-6R protein (hyper-IL-6) 1d before PHx as described by Behnke 

et al. [173]. As vehicle control group, C57Bl6 mice were injected with the same amount of PBS.  

 

3.1.2 Bile duct ligation 

The BDL serves as a model for obstructive cholestasis, which is an inflammatory disease. 

Obstructive cholestasis is induced by ligation of the common biliary duct. The mice were first 

anesthetized by inhalation with isoflurane and prepared for the median laparotomy as 

described in 3.1.1. To alleviate the post-operative pain, the mice were treated with analgesics 

(carprofen 5 mg/kg body weight diluted with physiological saline solution) administered 

subcutaneously. The mice were fixed to a heatable surface with sterile transparent 

polyurethane film. The anesthesia was carried out by a respirator with adjustable supply of a 

mixture of isoflurane (2%) and oxygen (1 L /min). The laparotomy of the abdomen was 

performed using a 2 cm incision through the skin and a slightly shorter incision along the linea 

alba through the layers of the abdominal muscles and the peritoneum. The liver gate and the 

bile duct were exposed. After double ligation, the bile duct was severed, and the gallbladder 

was removed. The abdomen was rinsed several times with 3 mL of sterile saline solution [0.9% 

NaCl], whereas approximately 1 mL remained in the body to compensate for the loss of fluid 

during the procedure. The muscle layers were closed by a continuous seam, while the skin 

was closed by a continuous seam and an additional single button seam. As control group 

(sham) mice were operated as described above without ligation of the bile duct. After exposure 

of the liver portal and the bile duct, the abdomen was directly closed again. After termination 

of the inhalation anesthesia, the mice recovered from anesthesia within a few minutes. The 

operated mice were first kept under observation in a heated cage and then brought into the 

keeping. All BDL operations were carried out by Dr. rer. nat. Maria Reich (Department of 

Experimental Hepatology, Heinrich Heine University, Düsseldorf).  
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3.2 In vivo hemostasis and thrombosis models 

 

3.2.1 Bleeding time 

Mice were anesthetized by intraperitoneal administration of ketamine [100 mg/kg]/xylazine 

[10 mg/kg] and the tail was transacted 3 mm from the tip using a scalpel. The tail was immersed 

in normal saline solution (37 °C). The time period between the incision to the termination of 

bleeding, which was defined as lack of blood flow for at least 1 min, was recorded as described 

previously [174]. 

 

3.2.2 Iron (III) chloride (FeCl3) injured carotid artery 

The right A. carotis communis was prepared and placed into a flow probe (Transonic Systems, 

0.5 PSB, AD Instruments). Before starting the measurement, the artery and the surrounding 

area were moisturized with 0.9% NaCl solution and the blood flow was measured in mL/min. 

Then, a small pad was placed under the artery below the measuring head and the environment 

of the artery was dried with a sterile tissue. A 0.5 x 1 mm filter paper (Whatmann No. 1) 

saturated with 10% FeCl3 solution (Sigma-Aldrich) was placed at the area of the carotid artery 

below the measuring head for 3 min. After removing the filter paper, the environment of the 

artery was again moisturized with 0.9% NaCl solution. The formation of occlusions or thrombi 

in the artery was recorded by the software for up to 5 min after a firm occlusion (stopped blood 

flow) was observed or - if there was no occlusion - until the measurement reached a maximal 

duration of 30 min. This in vivo thrombosis model was carried out by the veterinarian Irena 

Krüger (Clinic for Vascular and Endovascular Surgery, University Clinic of the Heinrich Heine 

University).  
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3.3 Preparation of murine tissue  

 

3.3.1 Mouse serum and plasma preparation 

Mice were anesthetized in a polystyrene box by a respirator with adjustable supply of a mixture 

of isoflurane (2%) and oxygen (1 L/min). As soon as the mouse had reached an adequate 

anesthesia depth, which was checked by an absence of the toe pain reflex, blood was collected 

by puncturing the retrobulbar venous plexus with a microcapillary. The blood was collected in 

a 1.5 mL reaction tube containing 300 µL of anti-coagulant heparin buffer. After blood 

collection, the sample was centrifuged for 10 min at 8,000 g at RT to sediment all cellular blood 

components. The upper aqueous phase, the blood plasma, was transferred into clean reaction 

tubes and stored at -80 °C for further analysis. For serum analysis, mice were bled directly into 

a 1.5 mL reaction tube. The samples were allowed to clot for 10 min at RT. Next, a 

centrifugation step at 8,000 g at 4 °C for 10 min was performed to sediment all cellular blood 

components and fibrinogen.  

 

3.3.2 Mouse tissue preparation 

For histological analysis, different murine tissues were embedded in paraffin. For this purpose, 

the mice were sacrificed after a successful anesthesia with ketamine [100 mg/kg] and xylazine 

[10 mg/kg] via opening the thorax and flushing the heart with approximately 20 mL cooled 

heparin solution to prevent blood clotting in the tissues. The heparin solution was placed into 

the apex cordis of the left ventricle of the beating heart, while the right atrium was incised to 

ensure a systemic flush. For tissue analysis, spleen, liver, and the femur were dissected and 

weighed. Liver and spleen were divided to store one part of the tissue for protein and RNA 

analysis at -80 °C, whereas another part was directly fixed in 4% paraformaldehyde (PFA) for 

immunohistochemistry and histological analysis. The femur was directly dissected out of the 

basin pan, including the knee joint to protect the BM tissue from destruction. Next, the femur 

was put into 4% PFA for tissue fixation and afterwards transferred into decalcification buffer 

containing 10% (w/v) EDTA for at least 7 days. All tissues were fixed for at least 24 h and 

stored at 4 °C protected from light until use.  

 

3.3.3 Paraffin fixation 

After fixation in 4% PFA all organs were transferred into organ cartridges and washed in 

running tap water, dehydrated using an ascending ethanol row (stepwise from 100% to 70%) 

and incubated in Roti®Histol (Carl Roth) for 12 h. Afterwards, the tissue was equilibrated in 
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liquid paraffin for 4-6 h (Roth) and finally embedded. The embedded and cooled organs were 

stored at RT until tissue sections were prepared for immunohistochemistry. 

 

3.4 Cell biological methods 

 

3.4.1 Human platelet preparation 

Fresh acid citrate dextrose anticoagulated blood was obtained from healthy volunteers 

between the ages of 18 and 50 years. The blood was centrifuged at 200 g for 10 min without 

brake. As a result, a biphasic solution was formed, whereas the upper phase contained platelet 

rich plasma (PRP), while the lower phase consisted of granulocytes and red blood cells. In the 

white interphase, lymphocytes and monocytes were located. Next, the PRP was separated 

and the interphase as well as the lower phase was discarded. The PRP was added to 

phosphate-buffered saline (PBS) [pH 6.5, apyrase (2.5 U/mL: Sigma), 1 μM Prostaglandin E2 

(PGE)] in a 1:1 volumetric ratio and centrifuged at 1000 g for 6 min without brake. The platelet 

pellet was resuspended in human Tyrode’s buffer and the platelet count was determined in a 

1:10 dilution in PBS using an automatic hematology analyzer (Sysmex - KX21N, Sysmex 

Corporation). The platelet count was adjusted as required for the applied functional assay. For 

flow cytometric analysis undiluted human PRP was used without further adjusting a dilution.  

 

3.4.2 Murine platelet preparation 

Mice were bled into a 1.5 mL reaction tube as described in 3.1.1 and platelets were isolated 

through centrifugation. Thereby, all centrifugation steps were performed without break to avoid 

platelet preactivation.  

First, the heparinized whole blood was centrifuged for 5 min at 250 g/RT to separate the 

individual blood components. The upper phase and the whole interphase were transferred into 

a new reaction tube, and again centrifuged for 5 min at 50 g/RT. The resulting platelet-rich 

plasma (upper phase) was transferred into a new reaction tube while the remaining 

erythrocytes were discarded. The remaining pellet was resuspended in 200 µL murine 

Tyrode´s buffer, centrifuged again for 5 min at 50 g/RT and the newly formed supernatant was 

combined with the previously taken PRP. To prevent the platelets from becoming preactivated 

during further isolation, apyrase [0.02 U/mL] and PGI2 [0.5 μM] were added to the cell 

suspension. Apyrase degrades an important platelet specific agonist - ADP, whereas PGI2 

directly induces a receptor-based signaling pathway leading to platelet inhibition. The PRP is 

subsequently centrifuged at 650 g for 5 min, washed two times with Tyrode´s buffer 
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supplemented with PGI2 and Apyrase and finally resuspended in 200 µL Tyrode´s buffer 

supplemented with calcium ions [0.2 mM] to guarantee proper platelet activation.   

The platelet count was determined in a 1:10 dilution in PBS using an automatic hematology 

analyzer (Sysmex - KX21N) and the platelet count was adjusted as required for the applied 

functional assay. 

 

3.4.3 Murine platelet lysates and releasates  

To analyze the protein content of platelets, a total of 40 x 106 platelets/µL sample were used. 

To induce or inhibit platelet activation, cells were stimulated with different antagonists [SNP or 

PGI2] and agonists [CRP or Thrombin] in a total reaction volume of 50 µL at 37°C with smooth 

agitation (300 rpm). To stop stimulation, platelets were centrifuged at 650 g at 4 °C for 5 min.  

The releasate (supernatant) was separately collected and stored at -80 °C to analyze platelet 

degranulation by using a serotonin ELISA.  

The pellet was lysed in 30 µL murine platelet lysis buffer for 15 min at 4 °C. Platelet lysates 

were prepared with 6 µL reducing sample buffer (6x Laemmli buffer), denatured at 95 °C for 5 

min and stored at -20 °C.  

 

3.4.4 Adhesion experiments 

To study cell adhesion of different extracellular matrix proteins, adhesion experiments on 

collagen and fibrinogen were performed using isolated platelets. Cover slips (24 x 60 mm) 

were either coated with fibrinogen [100 µg/mL] or type I collagen [200 µg/mL] at a defined area 

(10 x 10 mm) at 4 °C overnight (o/n). Afterwards, the cover slips were washed three times with 

PBS and blocked with 1% BSA in PBS for 60 min. A total concentration of 4 x 104 isolated 

platelets was resuspended in 40 μL Tyrode’s buffer supplemented with CaCl2 [0.2 mM], 

applied on the cover slips and incubated at RT for the indicated time points.  

In case of the static adhesion assays with BA, platelets were preincubated with 50 µM of the 

indicated BA for 60 min prior to the application on the cover slips. DMSO was added to a total 

volume of 0.1% as vehicle control to adjust the DMSO concentration in TLC- and TDC-treated 

samples. Non-adherent platelets were carefully removed by rinsing two times with PBS and 

adherent platelets were fixed in 4% phosphate buffered formaldehyde at 4 °C for 10 min, rinsed 

carefully with PBS and covered with the mounting medium Aquatex. Platelet adhesion was 

documented with an Axio Observer.D1 microscope. A minimum of 5 pictures (per visual field) 

per sample were documented. The total number of adherent platelets was counted using 

ImageJ-win64 software.  
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3.4.5 Thrombus formation assay. 

Cover slips (24 x 60 mm) were coated with 200 µg/mL fibrillary type I collagen and blocked 

with 1% BSA (bovine serum albumin) solution as described above. Mice were anesthetized 

with isoflurane and blood was taken from the retroorbital plexus and collected in 1.5 mL 

reaction tubes containing 300 µL heparin buffer. Subsequently, the heparinized whole blood 

was filled in a 1 mL syringe and perfused over a collagen-coated surface at shear rates of 

1000 s-1 and 1700 s-1 and platelet adhesion and aggregate formation was evaluated from six 

different microscopic areas (40x magnification, Axio observer.D1, Zeiss). 

 

3.4.6 Flow cytometry of human samples 

Flow cytometry is based on discriminating cells regarding their size (forward scatter, FSC) and 

their granularity (side scatter, SSC). Cells in suspension are passed through a flow cell and 

irradiated with a laser. Depending on the size and granularity of cells, a cell-specific scattered 

light is generated. Using this scattered light, a dot plot is calculated displaying the FSC and the 

SSC for each single cell passed through the flow cell. Beside the FSC and SSC profile of each 

cell, fluorescence labeled dyes or antibodies can be used to further distinguish between 

different cell types and subpopulations.  

In this thesis, flow cytometry analysis of human platelets was performed using PRP or isolated 

platelets, gated towards their SSC and FSC profile. For analyzing and processing of the flow 

cytometry data, FlowJO Single Cell Analysis v10 Software was used. 

 

3.4.6.1 Treatment of human PRP with bile acids 

In freshly isolated human PRP, the platelet count was determined using automatic hematology 

analyzer. PRP was diluted with human Tyrode´s buffer to a total platelet count of 

100.000 platelets/µL. Samples were prepared in a total volume of 200 µL to adjust all samples 

to a nearly physiological cell count. To study pathophysiological effects of BAs, the samples 

were treated with 50 µM of the indicated BAs or with 0.1% DMSO (in Tyrode’s buffer) as 

solvent control. The samples were incubated at 37°C for 1, 6,12 or 24 h with BAs in a rotating 

mixer with 100 rpm. Afterwards, platelet activation was analyzed by measuring the mean 

fluorescence intensity (MFI) by using flow cytometry.  

 

3.4.6.2 Activation of human platelets 

Platelet activation was determined using two-color analysis of human platelet activation using 

fluorophore-labeled antibodies for P-selectin expression (P-selectin-FITC) and the active form 
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of αIIbβ3 integrin (PAC-1-PE). Either pretreated human PRP or freshly isolated human platelets 

were used, whereas both samples were diluted in human Tyrode´s buffer to a final 

concentration of 5x104 platelets/µL.  The samples were mixed with antibodies [1:10] and 

stimulated with indicated agonists for 15 min at RT in the dark. The stimulation was stopped 

by addition of PBS and samples were analyzed using a FACSCaliburTM flow cytometer (BD 

Biosciences). 

 

3.4.7 Flow cytometry of murine samples 

Flow cytometry analysis of murine platelets was performed using washed whole blood of mice. 

Cells were gated towards their specific SSC and FSC profile and combined fluorescence upon 

labelling with platelet-specific antibodies. For analyzing and processing of the flow cytometry 

data, FlowJO Single Cell Analysis v10 Software was used. 

 

3.4.7.1 Murine platelet activation, glycoprotein externalization and size 

Briefly, two-color analysis of murine platelet activation was performed using fluorophore-

labeled antibodies for P-selectin expression (Wug.E9-FITC) and the active form of αIIbβ3 

integrin (JON/A-PE). Heparinized blood was diluted in Tyrode’s buffer and washed twice. 

Blood samples were supplemented with 2 mM CaCl2, mixed with antibodies [1:10] and 

stimulated with indicated agonists for 15 min at RT. The stimulation was stopped by addition 

of PBS and samples were immediately analyzed using a FACSCaliburTM flow cytometer. For 

analysis of glycoprotein surface expression, blood samples were mixed with antibodies (all 

antibodies with a final dilution of 1:10; GPVI, JAQ1-FITC; GPIb/CD42, Xia.G5 – PE; Integrin 

⍺5/CD49e, Tap.A12 – FITC) and incubated for 15 min at RT. Up-regulation and activation of 

integrin expression was detected with antibody against integrin β3 chain (Luc.H11-FITC). For 

the determination of the platelet size, the geometric mean of the CD42 positive platelets of 

their forward scatter (FCS) profile was analyzed.  

 

3.4.7.2 AnnexinV binding of platelets 

For detection of the PS exposure AnnexinV was used. As described in 3.4.7.1, samples were 

prepared and Cy™5 labeled AnnexinV (BD Biosciences) was used [1:10 final dilution] to label 

PS-positive platelets. While Annexin V binding buffer was used instead of PBS to stop labeling 

reaction. Additionally, CD42 [1:10 final dilution] was used as platelet specific marker.  
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3.4.7.3 Desialylation assay 

In terms of aging, platelets lose their extracellular sialic acid moiety of their glycosylated 

membrane bound receptors. To examine the desialylation state of platelets, lectins labeled 

with a fluorescence dye were used in flow cytometric. For the detection of desialylated 

platelets, a lectin binding assay was performed. For this purpose, Ricinus communis 

agglutinin-1 (RCA-1), Erythrina cristagalli lectin (ECL/ECA,), and Triticum vulgaris (wheat 

germ) agglutinin (WGA) labeled with FITC were used. The samples were treated for 15 min at 

37 °C with neuraminidase (Neuraminidase from Vibrio Cholerae) as positive control before the 

samples were incubated with RCA-1 for 15 min. The lectin binding was stopped by addition of 

Tyrode’s buffer and samples were analyzed using a FACSCaliburTM flow cytometer.  

 

3.4.7.4 Thiazole orange staining 

For the detection of reticulated platelets, blood samples were prepared as described under 

3.4.7.1. Washed blood samples were incubated with thiazole orange (ReticCount) for 30 min 

at RT while CD42 was used as a platelet specific marker. CD42 positive platelets were gated 

accordingly to their forward- and side-scatter profile and reticulated platelets were analyzed as 

described in Wu et al. [175]..  

 

3.4.7.5 von Willebrand Factor binding 

For detection of vWF-binding on platelets, platelets were isolated as described under 3.4.2 and 

diluted to a concentration of 30.000 platelets/µL. Subsequent incubation with anti-vWF 

antibody (Emfret Analytics), anti-GPIbα antibody (Emfret Analytics) and botrocetin (Sigma) 

was performed for 30 min at 37°C. The reaction was stopped by addition of Tyrode’s buffer 

and samples were analyzed using a FACSCaliburTM flow cytometer. 

 

3.4.7.6 Expression of neuraminidase-1 at the platelet surface 

For detection of Neu-1 expression on platelets, unwashed ACD anti-coagulated murine blood 

samples were diluted 1:2 with Tyrode’s buffer after addition of 2 mM CaCl2. Samples were 

stimulated with indicated agonists for 15 min at 37°C in the dark. Additionally, an anti-GPIbα 

antibody (GPIb/CD42, Xia.G5 – FITC) binding to the N-terminal ending of GPIbα was used to 

inhibit vWF-GPIb interaction. Platelets were gated according to their specific FSC and SSC 

and the MFI of Neu-1-PE antibody binding was analyzed. 
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3.5 Protein biochemical methods 

3.5.1 Bradford assay 

Protein concentrations from lysates were determined by the Bradford method, which is based 

on the binding of the Coomassie Brilliant Blue G-250 dye to proteins in acidic solution. This 

binding results in a shift in the absorption maximum from 465 nm to 595 nm [176]. 

The intensity of the color change depends on the number of cationic and non-polar side chains 

of amino acids and can be considered as proportional to the total protein concentration. 

To measure the protein concentration of a sample, protein lysates were diluted in PBS and an 

aliquot of 100 μL was transferred into a 96-well plate. To estimate the protein concentration, a 

BSA (bovine serum albumin) standard series (0-35 μg/mL in PBS) was included into the 

measurement. The standard curve was measured in triplicates, while all samples were 

measured in quadruplicates throughout this work. Samples and standards were mixed with 

100 μL of Bradford dye solution, which is a mixture of Roti Quant 40% (v/v) and ddH2O 60% 

(v/v) dye concentrate and incubated for 5 min at RT. Next, the absorbance was measured at 

550 nm in a microplate spectrophotometer. The protein concentration of the sample was 

calculated based on the linear regression generated with the standard series. 

 

3.5.2 SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is an analytical 

method for the separation of proteins based on their molecular weight and charge in an 

electrical field. By using SDS, which binds to the hydrophobic areas of a protein, the proteins 

are denatured, and negative charges are introduced into the denatured polypeptide chains. As 

a result, the proteins migrate towards the anode in an electrical field. Additionally, 

β-mercaptoethanol is used to cleave disulfide bridges in order to obtain a primary, linear protein 

structure. 

First, a separating gel was poured, which was overlaid with the stacking gel after 

polymerization (Table 2). The stacking gel [4% acrylamide (AA)] is used to concentrate the 

samples. The separating gel [10% AA] forms a small-pored structure which exhibits a sieving 

effect to separate the net negatively charged proteins according to their molecular weight in 

an electrical field. The Precision Plus Protein™ Dual Color Standards was used to estimate 

the size of the proteins of interest. The electrophoresis was typically carried out for 180-210 

minutes in running buffer at 25 mA per gel. The gel was then directly used for a Western blot 

in order to transfer the size-separated proteins onto suitable membranes.  
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3.5.3 Western Blot 

The proteins separated by gel electrophoresis were transferred onto a nitrocellulose 

membrane using the semi-dry Western blot method. For this purpose, buffer systems with 

varying ions and methanol concentrations were used to equilibrate Whatman filter paper, the 

nitrocellulose membrane, and the gel in a specific arrangement. The blotting chamber was 

assembled according to the following scheme: cathode, six Whatman filter papers moistened 

with buffer C, activated nitrocellulose membrane soaked in buffer B, polyacrylamide gel, six 

Whatman filter papers immersed in buffer A, anode plates (Table 3). The transfer was 

conducted for 1 h at 0.75 mA/cm2 gel. After protein transfer, the membrane was first stained 

with a 0.1% Ponceau S solution to verify a successful protein transfer and the several times 

washed in TBS-T (TBS buffer supplemented with 0.1% Tween 20) to decolorize the 

membrane. 

Subsequently, the membrane was blocked with 5% (w/v) powdered skim milk in TBS-T for 

60 min and probed with appropriate antibody (see section 2.3.1). The antibody incubations 

were performed at 4 °C o/n. On the next day, the membrane was washed 3 times with TBS-T, 

and incubated with horseradish peroxidase (HRP)-conjugated secondary anti-rabbit and anti-

mouse IgG antibodies in 5% powdered skim milk in TBST (GE Healthcare, Code: NA9340, 

1:2500) for 1 h at RT. For visualizing protein bands, the membrane was washed 3 times with 

TBS-T and incubated for 1-2 min with ImmobilonTM Western Chemiluminescent HRP substrate 

solution (BioRad) resulting in a chemiluminescence signal that was recorded with a Vilber 

Fusion-FX6-EDGE V.070 imaging system. Proteins were quantified based on a densitometric 

analysis of the chemiluminescent signals using Evolution-Capt EDGE software (Version 

18.02). Relative protein amounts were normalized to GAPDH or Actin. 

 

3.5.4 Liver specific serum parameters 

Levels of liver-specific parameters were measured in the serum of mice subjected to BDL using 

Spotchem-biochemical analyzer EZ SP-4430 (AxionLaB/Arkray). Using different reagent 

strips, a `serum liver profile´ was determined and the following parameters were measured: 

Aspartate aminotransferase (AST), alanine aminotransferase (ALT), and total bilirubin. The 

reagent strips consist of a multi-layer test field in which reagents are immobilized at certain 

locations to specifically measure the aforementioned parameters. The test field allows for the 

simultaneous quantification of the molecules to be measured based on colorimetric reactions 

which are visualized by reflection spectroscopy. The alkaline phosphatase (ALP) was 

determined with the Reflotron® Plus (Roche), according to the manufacturer’s instructions. 
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3.5.5 ELISA 

A quantitative determination of the concentration of cytokines in the serum and heparinized 

plasma of mice were carried out using Quantikine® ELISA kits listed under 2.5: Mouse -IL-6, 

SDF-1 and TPO. Additionally, ELISA kits were used to detect tissue plasminogen activator 

(Uson Life Sciences), plasmin-antiplasmin complex (CUSABIO) and prostacyclin I2 

(CUSABIO). Serotonin was measured in the releasates of platelets (ENZO Life Sciences). The 

ELISAs were performed according to the manufacturer's instructions. The principle of these 

kits is based on the `sandwich ELISA technique´, in which a monoclonal primary antibody was 

pre-fixed at the bottom of a 96-well multititer plate. This immobilized antibody specifically binds 

to the antigen contained in the sample. A biotin-coupled secondary antibody which specifically 

binds to the antigen is subsequently added, so that an antibody-antigen-antibody complex 

(sandwich) is formed. The sandwich complex is then incubated with a streptavidin-coupled 

horseradish-peroxidase (HRP) which allows the quantification of an antigen by measuring an 

enzymatic color reaction upon adding the HRP substrate 3, 3’, 5, 5’-tetrametylbenzidine (TMB). 

Each reaction was stopped by adding 2N sulfuric acid (H2S04). The color intensity was 

determined photometrically at 450 nm using the GloMax microplate reader. 

To detect the concentration of vWF as well as the bioactivity of neuraminidase-1 (Neu-1) in the 

plasma of sham and PHx treated mice, ACD buffer was used as anti-coagulant. The 

determination of vWF was based on “sandwich” ELISA technique describe above, while 

following (Mouse Von Willebrand Factor A2 ELISA-Kit, Cat. No.: ab208980 (abcam). Neu-1 

activity was determined based on substrate conversion and subsequent change of the 

emission spectrum. For this analysis the manufacturer’s protocol was followed (Neuraminidase 

Assay Kit, Cat. No.: ab138888, (abcam)). 

 

3.5.6 NO Assay 

A quantitative determination of the nitrogen monoxide (NO) concentration in the serum of mice 

was performed by means of the total NO and Nitrate/Nitrite Assay Kit according to the 

manufacturer's instructions. The assay principle is based on the Griess reaction and was 

carried out in two steps. In the first step, the NO concentration is determined based on an 

enzymatic conversion of nitrate to nitrite by the nitrate reductase. In the second step, nitrite is 

determined using the Griess reagent. The photometric absorption measurement at a 

wavelength of 540 nm indicates the total nitrate-nitrite concentration (collectively referred to as 

NO). The concentration of nitrite and nitrate was calculated according to the instructions of the 

assay. 
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3.5.7 Determination of total bile acid concentration 

BAs and their glycine- and taurine-bound derivatives were analyzed by Ultra performance 

liquid chromatography - tandem mass spectrometer (UPLC-MS/MS). The system consists of 

an Acquity UPLC-H Class (Waters, UK) coupled to a Xevo-TQS tandem mass spectrometer 

(Waters, UK) which is equipped with an ESI source in the negative ion mode. Data were 

collected in the multiple reaction monitoring (MRM) mode. Total BAs concentration analysis of 

serum samples was performed by Dr. Diran Herebian (Department for pediatrics, University 

Clinic of the Heinrich Heine University, Düsseldorf). 

 

3.6 Histological analysis and Immunohistochemistry  

 

All histological analysis and immunostainings throughout this work were performed on paraffin 

embedded tissue. For the preparation of organ sections, 5 µm sections were cut from the tissue 

paraffin block at a microtome, transferred in a 37°C preheated water bath and pulled up on 

microscope slides. Before using the sections, they were additionally heat-fixed on the slides at 

37 °C o/n.  

Prior staining, the tissue sections were deparaffinized in a descending ethanol concentration 

(Table 4), washed in PBS and used for following stainings. At the end of the HE-staining 

procedure, an ascending ethanol concentration was conducted to mount the slides with Roti® 

Histofix (Roth).  

 

Table 2. Steps to exchange hydrophilic and hydrophobic state of the paraffin embedded tissue before and 
after histological procedure. 

Ascending ethanol series Descending ethanol series 

Time (min) Reagent Time (min) Reagent 

10 Roti Histol 2 70% EtOH 
2 100% EtOH 2 80% EtOH 

2 96% EtOH 2 90% EtOH 

2 80% EtOH 2 100% EtOH 

2 70% EtOH 10 Roti Histol 

 

 

 

 

 

 



Methods 

43 
 

3.6.1 HE-staining 

Hematoxylin - eosin (HE) staining is a standardized method to stain histological slices. This 

staining is based on two chemical dyes that react differently with certain tissue components. 

The alkaline hematoxylin reacts with acidic elements, e.g., negatively charged DNA fragments 

resulting in a blue staining. The eosin reacts with alkaline tissue components such as 

cytoplasmic proteins creating a red coloring of these components. In this study HE-staining 

was used analyze the morphology of inflammatory and regenerative liver tissue and to 

visualize and analyze megakaryocytes located in the spleen and the femoral BM of mice 

subjected to PHx and BDL. 

The paraffin tissue sections were deparaffinized as described in 3.6, incubated for 10 min in 

hemalum solution and washed once with tap water. Next, a 30-60 sec incubation step in 

1% HCl/70% EtOH solution followed by a 10 min incubation step in running tap water. The 

slides were transferred into a 1% eosin solution for 20 seconds. Subsequently, a differentiation 

of the eosin staining was performed by decoloring with 70% EtOH for 20-30 sec. Afterwards 

the slides were directly transferred to an ascending ethanol series and mounted in Roti® 

Histofix.  

 

3.6.2 Immunofluorescence staining 

For visualization of platelets located in the liver of PHx and BDL mice, a fluorescence staining 

for the platelet specific GPIb was performed. For a further analysis of platelet sequestration in 

partial hepatectomized mice, a GPIX staining was performed in the spleen.  

For this purpose, after deparaffinization the tissue sections were transferred into citrate buffer 

(pH 6.0) and boiled in the microwave with 300 W for 15 min. This step is required for a proper 

demasking of antigens which could be blocked due to the fixation in paraffin. The boiled 

sections were allowed to cool down to room temperature for approximately 30 min in the citrate 

buffer and washed with PBS afterwards.  

All following steps were all performed in a humidity chamber to prevent dehydration of the 

tissue sections. The slides were positioned in the chamber and the tissue was circled with a 

grease pencil. Then, the tissue slides were blocked for 1 h at RT with blocking solution (5% 

BSA in PBS) and incubated with the primary antibody at 4 °C o/n. On the next day, unbound 

primary antibody was removed by washing with PBS. The tissue was incubated with 

fluorescence-labeled secondary antibody for 1.5 h at RT. As control staining, either specific 

IgG primary antibodies or no antibody (only PBS) were applied on the tissue sections. For 

counterstaining of cell nuclei, the sections were stained with the auto-fluorescent dye DAPI for 

5 min at RT. After rinsing the slides with PBS, the tissue sections were mounted with mounting 

medium and let dry at 4 °C in the dark.  
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3.7 Molecular biological methods 

 

3.7.1 Animal genotyping 

In the present work, the genotyping of the Mpl-/- and WT littermates was carried out following 

the protocol of the "KAPA - Mouse - Genotyping Hot Start Kit" obtained from PeqLab. 

IL-6R-/- mice were genotyped by Nastaran Fazel Modares (Institute for Biochemistry II, Heinrich 

Heine University Düsseldorf). Genotyping of the Asgr2-/- was performed by Melissa M. Lee-

Sundlov (Versiti Blood Research Center, Wisconsin, U.S.). All mice were identified by ear 

punches resulting in biopsies used for genotyping. For the DNA extraction, the ear punches 

were lysed by heating to 75 °C in a buffer/ enzyme mixture for 10 min. Lysis was stopped by 

heat-inactivating the enzyme for 10 min at 95 °C. Tissue remnants were removed by 

centrifugation at 14,000 g for 90 seconds. The supernatants containing the extracted DNA 

were transferred into clean reaction tube.  

 

Table 3. Composition of the PCR reaction mixture using the KAPA – Mouse - Genotyping Hot Start Kit.  

Mastermix – Genotyping Volume/Sample 

KAPA Mix 12.5 µL 
Primer forward 1.25 µL 
Primer reverse 1.25 µL 
HPLC-H20 9 µL 

DNA 1 µL 

 

For the following PCR, all required reagents. and their corresponding volumes for are listed in 

table 3.  

 
Table 4. Reaction steps of the PCR for murine genotyping. 

 
Temperature (°C) Time (s) Cycles 

Initial denaturation 95 180 1 
Denaturation 95 15 40 

Annealing 58 20 40 

Elongation 72 15 40 

Final elongation 72 180 1 

 

The PCR products were subjected to agarose gel electrophoresis on a 1.5% agarose gel 

supplemented with Midori Green (Biozym)/ Tris acetate EDTA (TAE) buffer and recorded with 

the Vilber Fusion-FX6-EDGE V.070 system. 
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3.7.2 Quantitative real-time polymerase chain reaction (qRT-PCR) 

The qRT-PCR enables a quantitative analysis of a PCR in presence of double stranded DNA-

binding, fluorescent dyes by measuring fluorescence signals in real time. The measured 

fluorescence is directly proportional to the amount of amplified DNA and can therefore be used 

to determine the initial amount of cDNA in each sample, and therefore, to the amount of RNA. 

Three necessary steps are required for quantitative analysis of RNA expression: 1. Isolation 

of RNA, 2. Synthesis of cDNA and 3. SYBR Green based qRT-PCR. 

 

3.7.2.1 Tissue RNA isolation   

Liver tissue samples were homogenized in 500 µL ice-cold TRIzolTM in a tissue homogenisator 

(Precellys® 24) and Precellys Lysing Kit (P000918-LYSK0-A). Liver samples were 

homogenized following the manufacturer’s recommendation for soft tissue.  

The lysates were spun for 5 min at 10,000 g at 4 °C to pellet unhomogenized tissue and the 

beads of the Precellys Lysing Kit. The supernatant was transferred to a fresh reaction tube and 

chloroform in [1:5] volumetric ratio was added to the lysates. The samples were resuspended 

and incubated for 3 min at RT. Afterwards, the lysates were centrifuged for 15 min at 14,000 g 

and 4 °C for phase separation. The upper aqueous phase containing the soluble RNA was 

collected and mixed with 1.5-fold volume of 100% ethanol for RNA precipitation. Next, the 

samples were loaded on RNeasy columns and the RNA was purified according to the 

manufacturer's protocol of the RNeasy Mini Kit (Qiagen, Hilden, Germany). Briefly, the nucleic 

acids were bound to a silica membrane and washed several times with different washing 

buffers provided with the RNeasy Mini Kit. After the last washing step, the column was air dried 

for 10 min at RT with open lid, to remove ethanol remnants from the washing buffers. To eluate 

the RNA, 50 µL of RNAse-free water was loaded on to the center of the column, incubated for 

1 min and centrifuged for 30 s with 10,000 g at RT. This step was repeated with the eluate with 

a centrifugation time of 2 min. Total RNA in the eluate was measured with an Eppendorf 

BioPhotometer® D30 using 2 µL sample in an Eppendorf µCuvette® G1.0.  

 
 

3.7.2.2 cDNA synthesis 

The ImPromII Reverse transcription System (Promega) was used for cDNA synthesis. To avoid 

false positive results from DNA contaminations, RNA samples were digested with recombinant 

DNaseI [1 U/µL]. The total RNA was diluted to a concentration of 0.1 µg/mL with ddH20 [total 

reaction volume 20 µL]. The samples were heated for 30 min at 37 °C to allow DNA digestion, 

following a 10 min step at 75 °C for enzyme inactivation. For cDNA production, the RNA was 

mixed with 2 µL Oligo (dT) Primer and 9 µL of a master mix.  
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Table 5. Composition of the reverse transcription reaction of isolated RNA.  

Mastermix – cDNA synthesis Volume/Sample 

ImProm 5x reaction buffer   4 µL 
MgCl2 (7 mM). 1.5 µL 
dNTP Mix (0.5 mM/ every dNTP) 1 µL 
Recombinant RNasin ribonuclease inhibitor 0.5 µL 

ImProm reverse transcriptase 1 µL 
 

The cDNA synthesis was performed using the following program: 

 

Table 6.  Reaction steps used to synthesize cDNA  

 
Temperature (°C) Time (min) 

Annealing 25 5 

Extension 42 60 

Reverse transcription inactivation 72 15 

 

3.7.2.3 SYBR green based qRT-PCR  

In this study, SYBR green served as fluorescence dye that binds to double-stranded DNA. The 

data of the real-time PCR were measured with the ViiATM7 Real-Time PCR System (Applied 

Biosystems). The following real-time PCR approach (20 µL total volume) and temperature 

profile was always used: 

 

Table 7. Composition of the qRT-PCR reaction used in this study. 

Mastermix – qRT-PCR Volume/Sample 

Fast SYBR Green MasterMix  10 µL 
Primer forward 1 µL 
Primer reverse 1 µL 
HPLC-H20 6 µL 

cDNA 2 µL 

 

At the end of a qRT-PCR cycles, a melting curve analysis was additionally performed. The 

melting curve analysis characterizes the dissociation of double-stranded DNA during constant 

heating and enables the specific identification of byproducts or primer dimers. PCR products 

are `melted´ with a slow temperature increase of 0.2 °C/s in a temperature range of typically 

50-90 °C. Since the double-stranded DNA of specific PCR products has a higher melting point 

than non-specific primer dimers, a differentiation of PCR products and primer dimers is 
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possible. A double peak in the melting curve analysis also hints towards the presence of 

byproducts due to unspecific binding of primers to DNA sequences.  

 

Table 8. qRT-PCR program used to analyze RNA expression of target genes 

 Temperature (°C) Time (s) Cycles 

Heat-activation 90 120 1 
Denaturation 90 15 40 
Annealing 60 30 40 

Elongation 95 10 40 

Melting curve analysis 

 

 

3.7.2.4 Calculation of the gene expression  

The data were evaluated based on the ΔΔCt method. The Ct (cycle of threshold) value is 

defined as the cycle in which an intersection of the amplification curve with a defined threshold 

is observed. The Ct values of all samples and all genes of interest are exported. Relative gene 

expression changes are calculated by normalizing the Ct-value of genes of interest to a 

reference gene (formerly known as housekeeping gene, e.g., GAPDH; Glyceraldehyde 3-

phosphate dehydrogenase) (ΔCt value). The treated samples were related to an untreated 

control sample. To compare different groups of mice, the mean ΔCt value of the control group 

was calculated. For further analysis, the difference between the mean ΔCt value of the control 

group and the ΔCt values of the untreated samples and the treated samples were calculated 

(ΔΔCt value). The value formed in this way is used in the equation: x-fold expression = 2−ΔΔCt 

to calculate the x-fold expression. 

 

3.8 Statistical analysis 

 
The number of analyzed individuals is indicated as n. All diagrams depict the mean value (MW) 

for the parameter of the ordinate (Y axis) with the standard error of the mean (SEM). Statistical 

analysis regarding a systemic difference in two or more matrices within different groups was 

calculated using the software Graph Pad Prism 7.02. Throughout this work, ANOVA or 

student´s t-test were applied as appropriate and as stated in the respective figure legends. 

Significant differences were indicated with an asterisk or rhombus in all diagrams and divided 

into the following categories:  

p ≤ 0.05 = * or #, p ≤ 0.01 = ** or ##, p ≤ 0.001 = *** or ###. 
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4. Results 

4.1 Bile duct ligation leads to platelet activation defects in mice 

 

The BDL serves as a model to study obstructive cholestasis. Therefore, the common bile duct 

as well as the gallbladder was dissected using only male C57Bl/6 mice. This ligation induced 

obstructive cholestasis results in a highly inflammatory stimulus in liver tissue due to enhanced 

levels of BAs, bilirubin, and other bile components, as they cannot be secreted into the 

duodenum. In this study, the mouse model of obstructive cholestasis was used to analyze 

thrombotic and hemostatic dysfunction in chronic liver disease. Accordingly, platelet count, 

platelet function and thrombus formation were investigated including the underlying 

mechanisms. Altogether, the primary hemostasis was examined 1d, 3d, 7d and 21d after BDL 

in this mouse model. Since the project was analyzed by several people, only data which was 

generated by me is shown. This mainly concerns data obtained 7 days after BDL. 

 

4.1.1 BDL causes megakaryopoiesis and mild thrombocytopenia in mice 

Typical features of BDL in the mouse model are an enlarged liver and spleen [177]. 

Accordingly, 7 days after BDL an increase in liver weight by 58.3% was detected in BDL 

operated mice compared to sham controls (table 9). At this time point mild splenomegaly could 

also be observed, reflected by 34,1% tissue weight increase (table 9).  

 

Table 9. Serum analysis and organ weight of mice 7 days after BDL. BDL mice show enhanced organ weight 
of the liver and the spleen (n = 3-7 per group) and increased values for different serum parameters suggesting 
injured liver tissue: AST (aspartate aminotransferase); ALT (alanine aminotransferase), ALP (alkaline phosphatase) 
and bilirubin were measured by using the automated biochemical analyser Spotchem EZ SP-4430. * = p < 0.05, 
** = p < 0.01, *** = p < 0.001; tested with unpaired students t-test. 

factor sham BDL significance 

Liver weight (g) 0.96 ± 0.034 1.52 ± 0.12 ** 

Spleen weight (mg) 71.9 ± 5.08 96.4 ± 6.41 * 

AST (IU/L) 23.0 ± 10.2 360.3 ± 52.0 ** 

ALT (IU/L) 20.3 ± 10.3 299.0 ± 50.9 ** 

Bilirubin (mg/dL) 0.2 ± 0.0 12.6 ± 1.2 *** 

ALP (IU/L) 80.8 ± 8.9 424.7 ± 122.9 * 
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Besides enlargement of liver and spleen of BDL mice compared to sham operated mice, 

several liver specific serum enzymes were elevated as well, e.g., aspartate aminotransferase 

(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP) and the total bilirubin 

(table 9), measured via specific testing stripes described in methods part 3.5.4. All tested 

serum enzymes were typical markers for a diseased liver, emphasizing the high inflammatory 

state of the liver caused by BDL. Histological analysis of the liver tissue via HE-staining showed 

that a high number of cells invaded into the liver in BDL operated mice (fig.  6, left panel), 

accompanied by degrading liver tissue. At the same time, an enhanced number of 

megakaryocytes (MK) in the spleen of BDL mice could be detected via HE-staining (fig. 6, right 

panel) whereas no elevated MK number in the spleen of sham operated mice were detected. 

Thus, the enlarged spleen volume was accompanied by enhanced numbers of MK’s in the 

spleen of BDL mice 7 days after operation.  
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Figure 6. BDL causes liver damage and enhanced megakaryopoiesis. Liver and splenic sections of sham 
and BDL mice 7 days after operation were stained with HE (n = 3-8 per group). Liver sections of BDL mice 
show tissue injury, bile infarct and invading cells (marked with arrow). Spleen sections revealed an enhanced 
number of megakaryocytes (marked with arrows). Scale bar = 50 µm 
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A common issue in liver disease is a low platelet count often leading to thrombocytopenia 

[162]. Thus, enhanced megakaryopoiesis might take place to rescue a decreasing platelet 

count. In the mouse model of BDL, a significantly decreased platelet count 1 day (p = 0.0485) 

and 3 days after BDL (p = 0.0100) compared to sham controls was measured, recovering 

nearly to normal platelet counts at day 7 (fig. 7A). This platelet count restoration was probably 

caused by enhanced megakaryopoiesis in spleen also measured at day 7 (fig. 6). 

 

 The number of red blood cells (RBC) was not altered in the first 3 days but reduced 7 days 

post BDL compared to the corresponding sham mice (p = 0.042). Within the sham mice a 

variable, unstable RBC count was measured at all time points with large standard deviations 

(fig. 7B). The analysis of white blood cells (WBCs) revealed less WBCs in whole blood in the 

first 3 days post BDL (p = 0.049). This effect was reversed and the BDL mice showed enhanced 

numbers of WBC in their blood on day 7 post BDL (p = 0.0062). Unexpectedly, in the course 

of sham operation the WBC number was steadily decreasing (fig. 7C).  

 

 

 
Figure 7. Dysregulated total blood cell count of mice undergoing bile duct ligation. Whole blood from sham 
and BDL mice was taken and analyzed with hematology analyzer (Sysmex KN-X21). (A) Platelet count analysis 
revealed mild thrombocytopenia within the first three days after BDL. (B) Red blood cell count analysis showed mild 
anemia after 7 days of BDL. (C) White blood cell count analysis suggested WBC consumption within the first 3 days 
after BDL (n = 4-7 per group). * = p < 0.05, ** = p < 0.01 tested with unpaired students t-test. 
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4.1.2 Obstructive cholestasis leads to enhanced inhibitory plasma factors 

regarding platelet function.   

For further investigation regarding altered enzyme levels in the serum of cholestatic mice 7 

days after BDL, specific plasma factors were analyzed that are known to influence platelet 

activation and hemostasis. NO and PGI2 are plasma factors leading to platelet inhibition via 

activation of the adenylyl cyclase (AC) or the guanylyl cyclase (GC). NO directly interacts with 

GC, whereas PGI2 binds to a GPCR located on the cell surface of platelets [16]. Activation of 

these cyclases leads to the induction of VASP via phosphorylation causing platelet inhibition 

[16, 178]. 

 

 
Figure 8. Enhanced levels of platelet inhibiting plasma factors after bile duct ligation. Plasma samples from 
BDL and sham mice 7 days after operation were taken and analyzed via antibody specific assays and the Griess 
reaction. (A) Prostacyclin I2 (PGI2) concentration in BDL mice is moderately increased. (n = 5-6) (B) Indirect 
measurement of NO via the metabolites nitrite and nitrate revealed enhanced NO accumulation in the blood of BDL 
mice (n = 6-9). (C) Tissue-plasminogen activator concentration and plasmin anti-plasmin complexes indicate 
enhanced proteolytic platelet receptor shedding (n = 4-5). *** = p < 0.001, ** = p < 0.01 tested with unpaired students 
t-test. 

 

First, the levels of PGI2 in the plasma of these mice were investigated. The plasma 

concentration of PGI2 was only moderately increased 7 days after BDL without reaching 
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statistical significance (p = 0.12; fig. 8A). Another well-known inhibitor of platelet activation is 

NO. Indirect measurement of the stable NO metabolites nitrate and nitrite via the Griess 

reaction was performed because it is known that cholestasis induces an altered NO 

metabolism [179]. In contrast to PGI2, elevated levels of nitrate and nitrite were measured in 

plasma of BDL mice 7 days after BDL. Nitrite was enhanced up to 7-fold (sham: 19.47 ± 9.26 

µmol/L; BDL: 136.26 ± 31.76 µmol/L; p < 0.0001, fig. 8B) compared to the respective sham 

controls. Similarly, nitrate was upregulated by an extend of 3.4 times (sham: 30.05 ± 6.92 

µmol/L; BDL: 102.16 ± 22.4 µmol/L; p < 0.0001) (fig. 8B).  

Beside NO and PGI2-induced platelet inhibition, platelets are inhibited by plasma factors that 

degrade important glycoproteins on the surface of platelets. Plasmin is a well-known enzyme 

that proteolytically cleaves membrane bound platelet receptors [180]. It is activated via 

enzymatic cleavage of tissue plasminogen activator (t-PA) and can also be indirectly measured 

through plasmin-antiplasmin (PAP)-complexes in the blood of mice.  

Thus, the levels of t-PA and PAP complexes were measured in plasma 7 days after BDL. 

Interestingly, t-PA levels were increased by 4.8 times (sham: 79.47 ± 25.8 ng/mL; BDL: 378.37 

± 115.55 ng/mL; p = 0.01) and in line with 5 times higher levels of PAP-complexes (sham: 

23.17 ± 7.31 µM; BDL: 116.54 ± 4.44 µM; p < 0.0001) in plasma 7 days after induction of 

cholestasis (fig. 8 C+D). These results provided evidence that in cholestatic liver disease, 

different plasma factors altered platelet activation via extrinsic pathways due to plasmin 

induced proteolysis of platelet membrane receptors and via intrinsic platelet inhibition reflected 

by increasing levels of NO metabolites and PGI2.  

 

4.1.3 Platelet activation is strongly reduced after bile duct ligation 

Activation of platelets isolated from whole blood of BDL mice was investigated due to elevated 

plasma factors in BDL mice that are known to inhibit platelet activation as described above. 

In flow cytometric analysis, activation of integrin αIIbβ3 (fibrinogen receptor) and P-selectin 

exposure as marker for platelet degranulation was analyzed. As shown in fig. 9, the activation 

of integrin αIIbβ3 was strongly reduced with all tested agonists. The activation of the platelet 

specific receptor GPVI via collagen-related peptide (CRP) led to almost completely diminished 

activation of αIIbβ3 integrin independent of increasing CRP concentrations (CRP [0.1 µg/mL]: 

p = 0.0007; CRP [1 µg/mL]: p = 0.0007; CRP [5 µg/mL]: p < 0.0001). 

 

Activation of GPCRs with thrombin or the second wave mediators ADP and the thromboxane 

A2 analogue U46619 (U46) revealed decreased activation only with high concentrations of 

thrombin (p = 0.005) or a combination of the second wave mediators ADP and U46 (p = 0.012; 

fig. 9A). Accordingly, the same results were observed for the externalization of P-selectin after 



Results 

53 
 

activation with indicated agonists. Major defects were revealed with all tested CRP 

concentrations. (CRP [0.1 µg/mL]: p = 0.0228; CRP [1 µg/mL]: p = 0.031; CRP [5µg/mL]: 

p = 0.0002). Additionally, with ADP + U46 and high thrombin concentrations defects could also 

be detected (ADP+U46 [10 µM+ 3 µM]: p = 0.0441; thrombin [0.1 U/mL]: p = 0.0003; fig. 9A). 

Since P-selectin is a marker for degranulation of α-granules, degranulation of dense granules 

was analyzed via serotonin release of activated platelets. Serotonin release was measured via 

ELISA in the releasate of activated platelets, revealing a strong degranulation defect upon 

activation of the GPVI signaling pathway which was reflected in a 59.5% reduced serotonin 

release (sham: 3970.09 ± 687.11 ng/mL; BDL: 1607.66 ± 143.56 ng/mL; p = 0.002). Upon 

platelet activation with thrombin a 32% (sham: 5210.88 ± 125.13 ng/mL; BDL: 3544.67 ± 

370.97 ng/mL; p = 0.019) reduction was be observed (fig. 9C).   

 

  
Figure 9. Reduced platelet activation following bile duct ligation in mice. Platelets drawn from sham and BDL 
mice 7 days after operation were analyzed due to their activation pattern via flow cytometry and ELISA of their 
releasates. (A) Integrin αIIbβ3 activation is strongly decreased with all tested agonists (n = 5-7) (B) Measurement 
of P-selectin revealed degranulation defects of BDL platelets (n = 5-7). (C) Isolated platelets were activated with 
indicated agonists and the supernatant (releasates) was analyzed for the amount of serotonin (n = 3-6). * = p < 
0.001, ** = p < 0.01 tested with students unpaired t-test. CRP = collagen-related peptide; ADP = Adenosine-di-
phosphate; U46 = Thromboxane A2 analogue 
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4.1.4 BDL induces defective thrombus formation and hemostasis in vivo 

The obtained results show that platelet activation was strongly reduced 7 days post BDL that 

was possibly due to enhanced concentrations of plasma factors known to inhibit platelet 

activation. To investigate platelet activation and aggregate formation in a more physiological 

model, thrombus formation on a collagen matrix under flow conditions was analyzed in an ex 

vivo model where the surface coverage of platelet thrombi was determined. Thrombus 

formation upon arterial shear rates of 1000s-1 was reduced from 60.87 ± 2.69% surface 

coverage of sham mice to 28.34 ± 6.83% (p = 0.011) when whole blood from BDL mice was 

perfused through the flow chamber (fig. 10A+B).  

Defective thrombus formation ex vivo was reflected by altered hemostasis in vivo as the tail 

bleeding time of BDL mice was prolonged (784.3 ± 29.7 s) compared to sham (313.1 ± 69.7 s; 

p = 0.0048) and native C57Bl6/J mice (175.2 ± 57.3 s; p < 0.0001, fig. 10C).  

 

 
Figure 10. Bile duct ligation causes defective thrombus formation ex vivo and altered hemostasis in vivo. 
7 days after operation sham and BDL mice were analyzed for thrombus formation ex vivo and in vivo. (A) Murine 
whole blood anticoagulated with heparin was perfused over a collagen matrix [100 µg/ml] at a shear rate of 1000s-1 
using the flow chamber system. Reduced thrombus formation was observed with whole blood from BDL mice (n = 3-
4) (B) Representative images of BDL mice and sham controls 7 days after BDL. Scale bar = 50 µm (C) The tail tip 
of mice was dissected with a diameter of 1 mm and bleeding was recorded until it stopped. BDL mice compared to 
steady state and sham mice showed defective hemostasis. (n = 4-7). *** = p < 0.001, ** = p < 0.01 tested with 
unpaired students t-test. 
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4.1.5 Enhanced platelet invasion into cholestatic liver tissue 

Besides the important role of platelets in hemostasis, platelets are known to support other 

cellular processes such as inflammation or thrombopoietin production via cell-cell contact with 

cells of the immune system or hepatocytes. For a deeper understanding of defective 

hemostasis and the role of platelets in cholestasis, an immunofluorescence staining of the 

platelet specific antigen GPIb was performed to investigate if platelets invade into the liver of 

cholestatic mice.  

 

An enhanced accumulation of GPIb positive platelet aggregates in the vessels of the liver can 

be observed 7 days after BDL, whereas no platelets can be detected in the vessels of sham 

operated controls (fig. 11, upper panel). Interestingly, an invasion of platelets in the border 

zone of the liver endothelium can be detected accompanied by GPIb positive platelets close 

to nuclear cells, providing evidence for a direct cell-cell contact of platelets with immune cells 

and hepatocytes. Furthermore, GPIb positive staining was detectable in necrotic liver tissue 

indicated with a white arrow in fig. 11.  

 

 

Figure 11. Platelet invasion into cholestatic liver tissue. Paraffin embedded sections of the liver [5 µM] were 
stained with GPIb antibody to detect platelet accumulations in the liver. Additionally, fluorescence emission at 488 
nm was detected to visualize autofluorescence of erythrocytes. DAPI was used as nucleus staining. After 7 days 
an enhanced number of platelet aggregates in the liver was detected in BDL mice that interact with other cells such 
as endothelial cells or white blood cells (indicated by arrows). Also, platelet positive staining is detected in the 
degraded liver tissue. (n = 5) Scale bar = 50 µm 

These results provide strong evidence that obstructive cholestasis led to major platelet 

activation defects and platelet consumption in the vessels of the diseased liver. Platelet 

activation was inhibited in vivo through plasma factors inducing inhibiting intrinsic and extrinsic 
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platelet signaling pathways, leading to decreased platelet activation resulting in reduced 

thrombus formation ex vivo and altered hemostasis in vivo. Additionally, enhanced 

megakaryopoiesis in the spleen of BDL mice was observed following platelet accumulation in 

the liver and reduced platelet counts in the circulation.  

 

4.2 High levels of bile acids account for platelet activation defects 

 

A main characteristic of obstructive cholestasis is a bile stasis occurring in the blood and in the 

liver with high plasma concentrations of BAs. As described in Reich et al concentrations of up 

to 1.300 µmol/L for the level of total BAs can be detected 7 days post BDL [181]. Accordingly, 

a high BA plasma concentration may also be responsible for platelet activation defects as 

observed in cholestatic mice.  

 

4.2.1 Taurine-conjugated bile acids modulate platelet adhesion in mice 

BAs are present in blood in different conjugation states. They can either be unconjugated, 

glycine conjugated, or taurine conjugated. In line with the conjugation state the affinity of the 

BAs regarding the different specific BA receptors vary. To investigate which BAs might 

influence platelet activation and hemostasis, a detailed murine BA composition analysis was 

performed. 

 

4.2.1.1 Taurine-rich conjugation of bile acids in the plasma of mice  

To analyze the effect of BAs on platelet activation and hemostasis, the content of different BAs 

in the total BA pool of C57BL6/J mice was examined with UPLC-MS/MS analysis of serum 

samples.  

The analysis revealed that the total BA pool consisted of 41.6 ± 6.33% of taurine conjugated 

BAs, 55.18 ± 11.93% unconjugated BAs and only 3.32 ± 0.52% glycine-conjugated BAs (fig. 

12, left). To further distinguish between the abundancy of the different taurine conjugated BAs, 

it was differentiated between the taurine conjugated BA specimens. Within the taurine 

conjugated BAs, 59.59% of all were either ω-, α- or β-muricholic acids (MC). These are only 

formed in mice and not humans [182]. All other BAs were in line with BAs found in the plasma 

of human beings. Under steady state conditions the taurocholic acid (TC) was the most 

abundant BA with 36.81% of all detected BA (fig. 12, right), whereas the most toxic BA 

taurolithocholic acid (TLC) was not detectable.  
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Figure 12. Bile acid pool analysis of serum samples from C57Bl6/J mice. Serum samples from mice were 
analyzed by UPLC-MS/MS. Nearly 2/3 of the murine BA pool in the blood consists of unconjugated BAs. A detailed 
analysis of taurine-conjugated BAs shows the distribution of different BAs in %. T = taurine; MC = muricolic acid; 
TC = taurocholic acid; TCDC taurochenodeoxycholic acid; TDC taurodeoxycholic acid; TLC tauro-lithochiolic acid; 
THDC tauro-hyodeoxycholic acid; TUDC tauro-ursodeoxycholic acid. (n = 6) 

 

4.2.1.2 Bile acids account for dysregulated murine platelet activation and 

adhesion  

To study the effect of BAs on platelet activation two different BAs were chosen. With cholestatic 

liver disease increasing concentrations of different BAs were present in mice, e.g., TCDC and 

TLC [181]. Prior activation with indicated agonists whole blood of mice was incubated with 

TCDC and TLC for 60 min. Since, TLC was solved in DMSO, a corresponding DMSO control 

(0.1%) was also prepared under the same conditions.  

Platelet activation measured by P-selectin exposure as marker for degranulation revealed an 

unaltered activation state of platelets pretreated with BAs following CRP mediated GPVI 

activation (fig. 13A). Activation of GPCR with PAR4-peptide led to increased P-selectin 

exposure with PAR4 [70 µM] and TCDC [50 µM] (p = 0.017) and with PAR4 [200 µM] and TLC 

[50 µM] (p = 0.021). Interestingly, all other agonists did not facilitate platelet degranulation due 

to pre-incubation of BAs. Similar results were obtained when the activation of the αIIbβ3 integrin 

of platelets in the presence of BAs was determined (fig. 13B). TLC facilitated the platelet 

activation which was further induced with PAR4 [200 µM] (p = 0.003), though the stimulation 

of platelets with all other tested agonists did not show major alterations.   
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Figure 13. Bile acids have minor impact on murine platelet activation. Platelets drawn from C57Bl6/j mice were 
preincubated with indicated BAs and DMSO for 1 h at 37 °C. Subsequently, they were analyzed by flow cytometry 
regarding their specific side scatter (SSC) and forward scatter (FSC) profile. (A) P-selectin exposure was slightly 
enhanced following PAR-4 stimulation with pre-incubation of BAs (n = 4). (B) Integrin αIIbβ3 activation was only 
moderately increased (n = 4). * = p < 0.05, ** = p < 0.01; tested with unpaired students t-test. CRP = collagen-
related peptide; MFI = mean fluorescence intensity; TCDC = tauro-deoxycholic acid; TLC = tauro-lithocholic acid 

 

Even though BAs seemed to have a minor impact on platelet activation as measured via flow 

cytometry, the effect on platelet adhesion stayed unclear. Therefore, a matrix of collagen and 

fibrinogen was generated, allowing isolated platelets to adhere for 20 min after a preincubation 

with the indicated BAs. 

 

On a fibrinogen matrix but not on a collagen matrix, a reduced adherence of platelets 

preincubated with TCDC or TLC was observed (fig. 14). Platelet adhesion to collagen was not 

altered by preincubation neither with TCDC (p = 0.203) nor with TLC compared to the 

respective control (p = 0.119; fig. 14 A+C). The adhesion of platelets on fibrinogen was 

significantly reduced with and without thrombin activation (fig. 14 B+D). Without activation 

(resting) platelet adhesion to fibrinogen was reduced (p = 0.007) following TCDC 

preincubation, while the activation of platelets with thrombin led to a reduction of platelet 

adhesion following preincubation with either TCDC (p < 0.0001) or TLC (p = 0.0003). 
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Taken together, BAs are able to modulate murine platelet adhesion to fibrinogen but only have 

minor effects on platelet activation.  

 

 

 
Figure 14. Bile acids influence static adhesion of platelets: Isolated murine platelets were preincubated with 
indicated BAs and DMSO for 1 h at 37 °C. Subsequently, they were allowed to adhere for 20 min on collagen [100 
µg/ml] or fibrinogen [100 µg/ml] coated cover slips. (A) Adhesion on collagen matrix showed no significant 
differences of platelet adhesion (n = 3). (B) When platelets were activated with thrombin for 2 min before adhesion, 
reduced adhesion of platelets preincubated with BAs was detected compared to the respective control. (n = 6). (C) 
Representative images of adhesion experiments. Scale bar = 20 µm * = p < 0.05, ** = p < 0.01; tested with unpaired 
students t-test. TCDC = tauro-deoxycholic acid; TLC = tauro-lithocholic acid 

 

 

4.2.2 Bile acids moderately alter integrin αIIbβ3 activation of human platelets  

Since BAs affect murine platelet activation and adhesion, we wanted to study the effect of 

different BAs on the activation of human platelets in a first translational approach. Since murine 
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and human platelets have mostly homologues receptors and signaling pathways, the before 

tested taurine-conjugated BAs in murine platelets were used. Since TLC and TDC were solved 

in DMSO, a corresponding DMSO control was also prepared under the same conditions in 

every experiment.  

 

4.2.2.1 Bile acids account for reduced integrin activation via GPVI receptor 

signaling  

In a first approach, the effect of different BAs and the corresponding DMSO controls on isolated 

human platelets was tested. Flow cytometric analysis was used to measure platelet activation 

by the analysis of αIIbβ3 integrin activation and P-selectin exposure. Like murine platelets, 

isolated human platelets were preincubated for 1 h with the indicated BAs. Incubation with the 

hydrophile BAs TC and TCDC led to a mild but significant decrease of αIIbβ3 integrin activation 

(TC: p = 0.013; TCDC: p = 0.003) following platelet activation with CRP that activated the major 

collagen receptor GPVI (fig. 15A). Compared to the hydrophobic BAs TDC and TLC, no 

activation defects were observed (fig. 15C), since DMSO, the respective control, already 

reduced CRP mediated αIIbβ3 integrin activation (p = 0.038). Regarding P-selectin 

externalization no differences between the different agonists or BAs were observed, indicating 

no regulation of platelet degranulation through BAs (fig. 15 B+D).  

 

Regarding the clinical picture of obstructive cholestasis, it is known that high bile salt 

concentrations are present in the circulation for a longer time. To get a more detailed picture 

of the effects of long-lasting elevated plasma bile salt on platelet activation, platelets were 

coincubated with different BAs and DMSO over a time period of 6-24h. Human platelet-rich 

plasma was used, and the endogenous plasma BA concentration was increased by indicated 

amounts of BAs. Additionally, a glycine-conjugated BA for human platelet activation (GCDC) 

was tested. Since no effects of the GPCR mediated activation of αIIbβ3 integrin was detected, 

we only focused on the CRP mediated GPVI signaling pathway. 
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Figure 15. Bile acids have minor impact on short-term human platelet activation. Platelets drawn from healthy 
volunteers were preincubated with indicated BAs and DMSO for 1 h at 37°C Subsequently, they were analyzed 
using a flow cytometer regarding their specific side scatter (SSC) and forward scatter (FSC) profile. (A) pre-
incubation of platelets with hydrophilic BAs showed reduced Integrin αIIbβ3 activation following CRP stimulation, 
whereas no defects in degranulation were detected as shown by unaltered P-selectin externalization (B). (C) 
Integrin αIIbβ3 activation after pre-incubation with hydrophobic BAs showed no defects compared to the respective 
DMSO control. (D) No defects in degranulation were detected as measured by P-selectin externalization of platelets. 
(n = 4). * = p < 0.05, ** = p < 0.01; tested with unpaired students t-test. CRP = collagen-related peptide; MFI = mean 
fluorescence intensity; TC = tauro-cholicacid; TCDC = tauro-deoxycholic acid; TDC = taurodeoxycholic acid; TLC 
= tauro-lithocholic acid 

 
The results point out that the activation of platelet αIIbβ3 integrin decreased from 6 h to 12 h 

incubation (p = 0.0171) and from 6 h to 24 h (p < 0.0001) even without the addition of BAs due 

to the susceptibility of platelets (fig. 16 A). The strongest inhibiting effect was detected after 6 

h incubation time and CRP activation. The CRP activation was inhibited by TC (p =0.027), 

TCDC (p = 0.0389) and GCDC (p = 0.0030; fig. 16A). Hydrophobic BAs only had a mild effect 

on integrin activation without reaching statistical significance after 24 h of coincubation and 

subsequent activation of GPVI signaling (fig. 16C). As measured before, coincubation even for 

longer time, had no effect on platelet degranulation as measured via P-selectin externalization 

despite using hydrophilic or hydrophobic BAs (fig. 16B+D).   
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Figure 16. Effects of bile acids on long-term human platelet activation. Platelet-rich plasma (PRP) drawn from 
healthy volunteers was pre-incubation with indicated BAs and DMSO for 1 h at 37 °C. Subsequently, the samples 
were analyzed in the flow cytometer regarding their specific side scatter (SSC) and forward scatter (FSC) profile. 
(A) Integrin αIIbβ3 activation after pre-incubation with hydrophilic BAs showed activation with all tested hydrophilic 
BAs after 6 h. (B) No influence of BAs on P-Selectin externalization could be observed. Overall reduced time-
dependent activation was observed due to platelet susceptibility. (C) Integrin αIIbβ3 activation after pre-incubation 
with hydrophobic BAs showed no defects compared to the respective DMSO controls. (D) No defects in 
degranulation measured via P-selectin externalization were observed. (n = 4-7). * = p < 0.05, ** = p < 0.01; tested 
with Two-Way ANOVA with Bonferroni’s post hoc test. CRP = collagen-related peptide; MFI = mean fluorescence 
intensity; TC = tauro-cholicacid; TCDC = tauro-deoxycholic acid; TDC = taurodeoxycholic acid; TLC = tauro-
lithocholic acid 

 

4.2.2.2 Bile acids alter the adhesion of human platelets to fibrinogen 

The analysis of murine platelets revealed no major activation defects but reduced platelet 

adhesion in the presence of BAs in a fibrinogen matrix. Experiments with human platelets 

showed reduced GPVI mediated integrin activation in flow cytometry 6 h after incubation with 
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the hydrophilic BAs TC, TCDC and GCDC. Therefore, we analyzed the adhesion of human 

platelets under static conditions. 

Adhesion of isolated human platelets with indicated BAs for 1 h revealed a down-regulation of 

platelet adhesion on a fibrinogen matrix. The presence of the hydrophilic BAs TC (p = 0.0067) 

and TCDC (p = 0.010) decreased adhesion. The DMSO dissolved BAs TDC (p = 0.0117) and 

TLC (p = 0.0444) also inhibited adhesion compared to the respective DMSO control (fig. 17). 

DMSO itself had no effects on platelet adhesion on fibrinogen.   

 

 
Figure 17. Bile acids influence static adhesion of human platelets to fibrinogen: Isolated human platelets from 
healthy volunteers were pre-incubation with indicated BAs and DMSO for 1 h at 37 °C. Subsequently, they were 
allowed to adhere to fibrinogen [100 µg/mL] coated cover slips for 20 min. (A) Platelets show decreased adhesion 
in the presence of all indicated BAs compared to their respective control. (n = 6). (B) Representative images of 
adhesion experiments. Scale bar = 20 µm * = p < 0.05, ** = p < 0.01; tested with One-Way ANOVA to respective 
control group. TC = tauro-cholicacid; TCDC = tauro-deoxycholic acid; TDC = taurodeoxycholic acid; TLC = tauro-
lithocholic acid 

 

Taken together these results provide evidence for a regulatory effect of BAs on the adhesion 

of platelets to fibrinogen. The adhesion of platelets to fibrinogen is mediated by αIIbβ3 integrin 

outside-in signaling while flow cytometric analysis focuses on the inside-out signaling to 

stimulate αIIbβ3 integrin activation. Thus, the main effect of platelet inhibition by BA is based on 

defective αIIbβ3 integrin outside in singling leading to reduced platelet adhesion on fibrinogen. 

Therefore, these results highlight the regulatory effect of BAs on platelet adhesion that also 

might account for defective activation of platelets after BDL.   
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4.3 Partial hepatectomy impairs hemostasis and modulates platelet 

biogenesis  

 

We analyzed platelet activation, hemostasis, and thrombocytopenia in another mouse model 

of liver disease that is characterized by acute cytokine signaling and loss of liver mass namely 

2/3 PHx [93]. In a first approach, platelet activation, thrombosis, and hemostasis after PHx in 

C57Bl6 mice were studied. In a second step, thrombopoiesis in PHx mice was analyzed 

focusing on the regulation of thrombopoietin signaling in regenerative liver tissue, using WT 

mice as well as IL-6R-/- mice, Asgr2-/- mice and the fusion protein hIL-6. In a third approach, 

the liver regeneration in a genetic mouse model of thrombocytopenia was taken into 

consideration using the Mpl-/- mouse strain.  

 

4.3.1 PHx provokes reduced platelet activation resulting in impaired thrombus 

formation and hemostasis 

 

4.3.1.1 Partial hepatectomy induces anemia and thrombocytopenia 

PHx was performed to remove 2/3 of the liver in wildtype (WT) mice. As described in methods 

part 3.1 sham mice served as control group. Analysis of the total blood cell count revealed that 

platelet counts were significantly reduced by 16.4% 1 day after PHx (sham: 847.15 ± 35.39 x 

103/µL; PHx: 707.75 ± 32.30 x 103/µL; p = 0.0058) and fully restored 7 days after PHx (fig. 

18A). In line with recovering platelet counts, enhanced platelet size by 6% on day 1 (sham: 

21.43 ± 0.26; PHx: 22.70 ± 0.20; p = 0.0007) and 10.4% on day 3 (sham: 21.23 ± 0.36; 

PHx: 23.43 ± 0.63; p = 0.025) was measured post PHx by flow cytometry using the geometric 

mean of GPIb positive platelets in their FSC profile (fig. 18B). Despite thrombocytopenia, no 

major alterations in WBC counts were detected (fig. 18C). According to thrombocytopenia, 

RBC count was reduced 1 day after PHx by 9% (sham: 9.03 ± 0.13 x 106/µL; PHx: 8.24 ± 0.16 

x 106/µL; p = 0.0008) and restored 7 days after PHx to normal counts (fig. 18D). Liver weight 

in relation to organ weight was calculated to measure the liver weight ratio. According to 

published data [93], the total liver mass was recovered after 14 days post PHx (fig. 18E).  
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Figure 18. Mild thrombocytopenia and anemia early after partial hepatectomy. Whole blood from sham and 
PHx mice was taken and analyzed with a hematology analyzer (Sysmex KN-X21). (A) Platelet count analysis 
revealed mild thrombocytopenia 24 h after PHx (n= 1d: 22 sham, 30 PHx, 3d: 22 sham, 26 PHx; 7d: 16 sham, 20 
PHx; 14d: 8 sham, 12 PHx). (B) Platelet size of PHx and sham mice measured via flow cytometry using the 
geometric mean of GPIb positive platelets. After PHx platelets display enlargement up to 3 days after operation (n= 
1d: 10 sham, 14 PHx, 3d/7d/14d: 6 sham, 8 PHx). (C) White blood cell count is unaltered after PHx. (D) Red blood 
cell count of C57Bl6/J mice undergoing PHx indicates mild anemia for 1 day after PHx (n= 1d: 22 sham, 30 PHx, 
3d: 22 sham, 26 PHx; 7d: 16 sham, 20 PHx; 14d: 8 sham, 12 PHx). (E) Calculated liver weight ratio shows full liver 
volume regeneration after 14 days (n= 5 sham, 8 PHx). * = p < 0.05, ** = p < 0.01, *** = p < 0.001 tested with 
unpaired students t-test. 

 

4.3.1.2 Platelet activation defects are mainly established 24 h after partial 

hepatectomy  

To investigate if a dysregulated platelet count was associated with platelet activation defects 

or alterations in platelet receptor abundance at the platelet surface, platelets from PHx 

operated mice and respective sham controls were analyzed by flow cytometry. Antibodies 

directed against the most abundant glycoproteins on the platelet surface revealed an unaltered 

glycoprotein exposure at the surface of platelets 1 day after PHx (fig. 19A). Analysis of platelet 

degranulation was evaluated via determination of P-selectin externalization upon platelet 

stimulation with indicated agonists. The results demonstrated that platelets from PHx mice 

displayed degranulation defects following stimulation with indicated agonists. In specific, the 

activation of the ITAM coupled GPVI receptor pathway showed degranulation defects using 
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intermediate (p = 0.0008) and high (p < 0.0001) CRP concentrations, while GPCR activation 

induced degranulation defects at low thrombin (p = 0.006) or low (p = 0.046) and intermediate 

(p = 0.028) PAR-4 peptide concentrations. The second wave mediators U46 and ADP led also 

to reduced P-selectin exposure (p = 0.013; fig. 19B). Interestingly, the activation of integrin 

αIIbβ3 was only moderately decreased in response to intermediate (p = 0.014) and high (p = 

0.034) CRP concentrations (fig. 19C), while the externalization of the β3 subunit was 

significantly reduced in response to high doses of either CRP (p < 0.0001) or thrombin (p = 

0.010) while no alterations were detected with ADP (fig. 19D).  

 
Figure 19. Platelet activation defects 1 day after PHx. At day one after PHx, platelets are analyzed in the flow 
cytometer regarding their specific side scatter (SSC) and forward scatter (FSC) profile. (A) Expression of indicated 
glycoproteins on the surface of platelets measured via mean fluorescence intensity (MFI) indicate no differences 
between sham and PHx mice (n= 11 sham + 18 PHx). (B) Externalization of P-selectin at the platelet surface in 
response to indicated agonists showed major degranulation defects (n= 6 sham, 9 PHx). (C)  Defects in activation 
of ⍺IIbβ3 integrin at the platelet surface was restricted to CRP stimulation. (n= 6 sham, 9 PHx). (D) Activation 
induced up-regulation of the β3 integrin subunit at the platelet surface (n= 6 sham, 8 PHx).  * = p < 0.05, 
** = p < 0.01; tested with unpaired students t-test. CRP = collagen-related peptide. 

 

4.3.1.3 Reduced thrombus formation results in dysregulated hemostasis one day 

after PHx  

To investigate if platelet activation defects also provoked defects in thrombus formation under 

flow conditions, thrombus formation on collagen was analyzed in an ex vivo flow chamber. 

Hereby, thrombus formation was performed using two different arterial shear rates, 1000s-1, 

and 1700s-1, as thrombus formation under high arterial shear rates is GPIb dependent. 

Perfusion of whole blood from PHx operated mice led to significantly reduced thrombus 

formation compared to sham controls (fig. 20A). At a shear rate of 1000s-1 a 16.9% reduced 
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surface coverage was measured in PHx mice compared to WT (sham: 54.63 ± 2.46% PHx: 

45.35 ± 2.47%; p = 0.027), while the reduction was 35.7% (sham: 48.34 ± 4.4%; PHx: 31.05 ± 

2.82%; p = 0.0047) using a high arterial shear rate of 1700s-1 (fig. 20B).  

A reduced thrombus formation is often an indicator for dysregulated hemostasis or thrombosis. 

Thus, in vivo effects of platelet activation defects were investigated. As already described for 

BDL operated mice, the tail tip of the mice was cut to record the time until bleeding stopped. A 

prolonged tail bleeding time of PHx operated mice (315.9 ± 37.46 s) compared to sham 

controls (174.8 ± 25.6s; p = 0.0085) was detected (fig. 20C). On the contrary, platelet activation 

defects and prolonged tail bleeding time resulted in no major alteration in arterial thrombosis. 

Fe3Cl-induced injury of the carotid artery led to a comparable occlusion time of the vessel after 

439 s ± 57 in PHx mice and 409 s ± 29 (p = 0.47) in sham controls (fig. 20D). Furthermore, no 

difference was examined regarding the appearance of the initial thrombus (sham: 202 ± 48 s; 

PHx: 156.4 ± 37 s; p = 0.46) (fig. 20E). 

 
Figure 20. Partial hepatectomy causes defective thrombus formation and hemostasis 1 day after PHx. Sham 
and PHx mice were analyzed ex vivo and in vivo. (B) Murine whole blood laced with heparin was perfused over a 
collagen matrix [100 µg/ml] in the flow chamber system and revealed diminished thrombus formation with both 
tested shear rates (representative pictures as indicated; 1000s-1 n = 6 sham, 5 PHx; 1700s-1 n = 5 sham, 9 PHx). 
(A) Representative images of PHx mice and sham controls 1 day after PHx. Scale bar = 50 µm. (C) The tail tip of 
mice was dissected with a diameter of 1 mm and bleeding was recorded until it stopped. PHx mice compared to 
sham mice showed prolonged tail bleeding time (n = 8-9). (D) In vivo analysis of thrombosis of the carotid artery via 
Fe3Cl induced injury of the vessel. Neither differences in the occlusion time of the artery nor development of the 
first thrombi were observed (E) (sham = 6; PHx = 9), ** = p < 0.01 tested with unpaired students t-test. 



Results 

68 
 

4.3.1.4 Enhanced glycoprotein exposure but constant platelet activation defects 

3 days after PHx 

To investigate whether the measured activation defects 1 day after PHx are causally linked to 

thrombocytopenia, platelet activation was measured 3 days after PHx. At that time point 

platelet count was comparable to sham controls. 

Analysis of GP exposure on the platelet surface revealed an increase of β3 integrin (p= 0.0050), 

α5 integrin (p = 0.0053) and GPIbα (p = 0.044), while GPVI exposure was not altered 3 days 

after PHx (fig. 21A). Platelet degranulation defects measured via P-selectin externalization 

were still present 3 days after PHx. Compared to 1 day after PHx, the differences between 

sham and PHx mice diminished. GPVI dependent degranulation was still decreased with low 

(p = 0.039) and with moderate (p = 0.0028) CRP concentrations, while only moderate thrombin 

concentration still evoked reduction of platelet degranulation (p= 0.013; fig. 21B). 

Unexpectedly, GPVI dependent activation of αIIbβ3 integrin was still decreased on day 3 using 

moderate (p = 0.0411) and high (p = 0.0036) CRP concentrations, although active αIIbβ3 

integrin was already upregulated (p = 0.0091) in resting platelets (fig. 21C). Still, 

externalization was unaltered upon stimulation with CRP or thrombin, while a mild stimulus like 

ADP still reflected enhanced β3 upregulation on platelet surface (fig 21D).  

 
Figure 21. 3 days after PHx mild platelet activation defects were detected. 3 days after PHx Platelets were 
analyzed via flow cytometry regarding their specific side scatter (SSC) and forward scatter (FSC) profile. (A) 
Expression of indicated glycoproteins on the surface of platelets measured via mean fluorescence intensity (MFI) 
indicated enhanced glycoprotein expression of PHx mice (n= 13 sham + 18 PHx). (B) Externalization of P-selectin 
on the platelet surface with indicated agonists showed mild degranulation defects with CRP and thrombin (n= 9 
sham, 12 PHx). (C) Activation of ⍺IIbβ3 integrin at the platelet surface revealed pre-activated integrin on the surface 
of platelets, while CRP stimulation showed activation defects (n= 9 sham, 12 PHx). (D) Externalization of the β3 
integrin subunit upon platelet stimulation with indicated agonists (n= 8 sham, 9 PHx). * = p < 0.05, ** = p < 0.01; 
tested with students unpaired t-test. CRP = collagen-related peptide. 
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4.3.1.5 Attenuated platelet defects result in defective thrombus formation and 

hemostasis 3 days after PHx  

Next, it was of interest if the generation of three-dimensional thrombi was still decreased and 

if this affected the hemostasis 3 days after PHx. The already described moderate platelet 

activation defects translated into impaired thrombus formation by 18.7% (sham: 65.45 ± 

1.30%; PHx: 53.18 ± 2.81%; p = 0.0173) using a shear rate of 1000 s-1 while no alterations 

were detected at a shear rate of 1700 s-1 (sham: 53.96 ± 2%; PHx: 53.22 ± 5.14%; fig. 22A+B). 

Moreover, bleeding time was still significantly prolonged 3 days after PHx compared to 1 day 

after PHx, even though three out of eight mice had already compensated for hemostatic 

defects (fig. 22C) Therefore, the bleeding time 3 days after PHx was prolonged with 526.1 s ± 

131.5 compared to sham controls (sham: 186.1 ± 56.23 s, p = 0.0256).    

 
Figure 22. Partial hepatectomy causes defective thrombus formation and hemostasis 3 days after PHx. 
Sham and PHx mice were analyzed ex vivo and in vivo. (A) Murine whole blood anticoagulated with heparin was 
perfused over a collagen matrix [100 µg/ml] using a flow chamber system. Representative images of PHx mice and 
sham controls 3 days after PHx. (B) Generation of three-dimensional thrombi was diminished at a shear rate 
of1000s-1 but unaltered at a shear rate of 1700s-1 (n= 3 sham, 4 PHx). Scale bar = 50 µm (C) The tail tip of mice 
was dissected with a diameter of 1 mm and bleeding was recorded until it stopped. PHx mice compared to sham 
mice showed prolonged tail bleeding time (n = 8-9 * = p < 0.05 tested with unpaired students t-test. 

 

4.3.1.6 Unaltered platelet activation 7 and 14 days after PHx   

The question rises if platelet activation defects persist, although platelet counts are completely 

recovered 7 days after PHx and the liver mass is fully restored through proliferation of 

hepatocytes 10-14 days after resection [93]. To exclude that liver resection might have a long-
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term influence on platelets, platelet activation and thrombus formation were examined at 7 and 

14 days after PHx. 

Flow cytometric analysis using platelets from mice 7 days after PHx showed no significant 

differences in their activation pattern, neither for the activation of αIIbβ3 integrin (fig. 23C), nor 

for degranulation measured via P-selectin with all tested agonists (fig. 23B). In addition, no 

alterations were detected when the GP exposure or the externalization of the β3 integrin 

subunit was measured using different agonists such as CRP, PAR-4, thrombin, or ADP (fig. 

23 A+D). Flow chamber experiments for indicated arterial shear rates showed no differences 

in the formation of three-dimensional thrombus formation (fig. 23 E+F) either.  

 
Figure 23. Unaltered platelet activation and thrombus formation 7 days after PHx. Platelets were analyzed in 
the flow cytometer regarding their specific side scatter (SSC) and forward scatter (FSC) profile. (A) Surface 
expression of indicated glycoproteins 7 days post PHx via MFI in flow cytometric analysis shows no difference (n= 9 
sham, 11 PHx). (B) Platelet activation measured via externalization of P-selectin and (C) activation of ⍺IIbβ3 integrin 
on the platelet surface 7 days after PHx (n= 6 sham, 9 PHx) revealed no difference of PHx mice. (D) Externalization 
upon platelet stimulation of the β3 integrin subunit 7 days post PHx (n = 3 sham, 5 PHx). (E) Thrombus formation 
on a collagen matrix [100 µg/ml] under arterial shear rates with (F) representative pictures (1000s-1 and 1700s-1 n= 
3 sham, 5 PHx). Scale bar = 50 µm; statistical significance was tested with unpaired students t-test. CRP = collagen-
related peptide; Thr. = Thrombin 
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Flow cytometric analysis from platelets 14 days after PHx showed no significant differences in 

their activation pattern with all tested agonists, neither for the activation of αIIbβ3 integrin, nor 

for the up-regulation of β3 integrin on the platelet surface nor for degranulation as measured 

by P-selectin exposure (fig. 24 B-D). As expected, GP exposure of sham mice was comparable 

to PHx mice (fig. 24A). Flow chamber experiments for both tested arterial shear rates showed 

no differences in the formation of three-dimensional thrombi (fig. 24 E+F). 

 
Figure 24. Unaltered platelet activation and thrombus formation 14 days after PHx. Platelets isolated from 
mice 14 days post PHx were analyzed via flow cytometry regarding their specific side scatter (SSC) and forward 
scatter (FSC) profile. (A) Expression of indicated glycoproteins measured via flow cytometric analysis showed no 
differences (n= 10 sham, 12 PHx). (B) Platelet activation measured via externalization of P-selectin and (C) 
activation of ⍺IIbβ3 integrin on the platelet surface 14 days after PHx (n= 6 sham, 9 PHx) revealed no differences 
compared to controls. (D) Externalization of the β3 integrin subunit after platelet stimulation 14 days post PHx (n = 
3 sham, 4 PHx). (E) Thrombus formation on a collagen matrix [100 µg/ml] under arterial shear rates with (F) 
representative pictures (1000s-1 and 1700s-1 n = 5). Scale bar = 50 µm; statistical significance was tested with 
unpaired students t-test.  CRP = collagen-related peptide; Thr. = Thrombin 
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4.3.2 Platelet activation defects upon PHx are due to enhanced plasma levels of 

NO, PGI2 and bile acids  

In BDL operated mice platelet activation defects are mainly due to enhanced levels of NO and 

PGI2. Furthermore, enhanced levels of NO and PGI2 are already described in rats and humans 

after liver resection [179, 183]. As described above, platelet activation defects persist up to 3 

days after PHx, resulting in reduced thrombus formation and prolonged tail bleeding time. 

Therefore, NO and PGI2 plasma levels 1 and 3 days after PHx were measured. Since 

enhanced NO and PGI2 plasma levels are known to modulate VASP phosphorylation, it was 

analyzed if an altered phosphorylation of the VASP was detectable in platelets of PHx and 

sham operated mice.  

 

4.3.2.1 PHx induces elevated levels of PGI2 and NO in the plasma for 1 day  

PHx and sham operated mice were bled under isoflurane anesthesia and plasma was drawn 

by centrifugation. The plasma level of PGI2 was measured via ELISA, while NO concentration 

was indirectly measured through the NO metabolites nitrite and nitrate.  

A 1.94 - fold higher level of plasma PGI2 was observed in PHx mice compared to sham controls 

1d after surgery (sham: 343.58 ± 78.33 µg/mL; PHx: 665.3 ± 109.62 µg/mL; p = 0.040). This 

elevated PGI2 concentration normalized 3 days after operation, while plasma PGI2 levels in 

sham mice stayed comparable (fig. 25A). Similar results were obtained analyzing the NO 

metabolites nitrite and nitrate. The nitrite concentration in the plasma of sham mice was 35.13 

± 6.85 µmol/L compared to 129.9 ± 35.8 µmol/L in PHx treated mice 1 day after surgery 

(p = 0.0025). In PHx mice the concentration of nitrate was also elevated with a 6-fold higher 

level (PHx: 81.1 ± 10.85 µmol/L) compared to the respective sham controls (sham: 13 ± 4.77 

µmol/L; p = 0.0389). No differences could be detected between PHx mice and sham controls 

neither in nitrite nor in nitrate concentrations 3 days after PHx (fig. 25B).  

 
Figure 25. Enhanced levels of hemostatic inhibiting factors after partial hepatectomy. Plasma samples from 
PHx and sham mice were taken and analyzed via antibody specific assay and the griess reaction. (A) Prostacyclin I2 
(PGI2) concentration in PHx mice is increased 1 day after PHx. (n= 1d: 6 sham, 6 PHx; 3d: 3 sham, 4 PHx) (B) 
Indirect measurement of NO via the metabolites nitrite and nitrate revealed enhanced NO accumulation in the blood 
of PHx mice 1 day after operation (n= 1d: 4 sham, 4 PHx; 3d: 3 sham, 6 PHx; * = p < 0.05, ** = p < 0.01 tested with 
students unpaired t-test. 
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4.3.2.2 NO and PGI2 induce enhanced VASP phosphorylation in platelets from 

PHx treated mice  

Whether the enhanced plasma levels of PGI2 and NO induce altered phosphorylation of VASP, 

platelets from PHx mice and sham controls were analyzed 1 and 3 days after surgery. VASP 

is a well-known inhibitor of platelet function that becomes activated through cGMP and cAMP 

[178]. Their increase either leads to a phosphorylation of VASP at Ser157 and/or Ser239.  

The stimulation of platelets with PGI2 induces the formation of cAMP in platelets. Since 

phosphorylation at Ser157 is mainly influenced by the cAMP signaling pathway, we stimulated 

platelet with PGI2. PGI2 induced enhanced VASP phosphorylation of platelets from PHx mice 

1 day, but not 3 days after PHx (fig. 26A). Western blot analysis of platelets 1 day after surgery 

revealed enhanced VASPS157 phosphorylation after stimulation with PGI2 (p = 0.0468) 

compared to sham controls (fig. 26B). 

 

 
Figure 26. Phosphorylation of VASP at Ser157 in platelets one day after PHx. Isolated platelets from PHx and 
sham mice were incubated with PGI2 [5 µM] for 5 min at 37°C and subsequently platelet lysates were generated. 
(A) Representative Western blot analysis of platelet lysates shows enhanced VASP phosphorylation at Ser157, but 
no difference in total VASP expression. (B) Densiometric analysis of Western blots 1 and 3 days after PHx. (n= 4 
sham, 5 PHx). * = p < 0.05, tested with unpaired students t-test. 

 
Similar results were obtained for platelets 1 day after PHx that were stimulated with the NO 

analogue sodium nitroprusside (SNP). NO directly interacts with cyclic guanylyl cyclase (cGC) 

in platelets, leading to VASP phosphorylation at Ser239. The VASPS239 phosphorylation in 

platelets stimulated with NO was also increased (p = 0.012) compared to sham controls (fig. 

27A). The total protein expression of VASP was unaltered after PHx as detected via Western 

blot (fig. 27B). In summary, platelet activation defects result mainly from elevated NO and PGI2 

concentrations, which lead to increased activity of the endogenous platelet inhibitor VASP.  
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Figure 27. Phosphorylation of VASP at Ser236 in platelets one day after PHx. Isolated platelets from PHx and 
sham mice were incubated with SNP [1 µM] for 2 min at 37 °C and subsequently platelet lysates were generated. 
(A) Representative Western blot analysis of platelet lysates shows enhanced vasodilator-stimulated phosphoprotein 
(VASP) phosphorylation at Ser239, but no difference in total VASP expression. (B) Densitometric analysis of the 
Western blots 1 and 3 days after PHx. (n= 5 sham, 4 PHx). * = p < 0.05, tested with unpaired students t-test. 

 

4.3.2.3 Enhanced total bile acid concentration in plasma after PHx  

In BDL mice, increased levels of BAs are present within the liver parenchyma and in the serum. 

The critical defects of platelet activation and hemostasis in BDL mice have already been 

demonstrated in section 4.1. Accordingly, in vitro analysis of platelet activation in mice and 

humans highlighted the inhibiting effect of BAs on platelet activation. Thus, we wanted to test 

if the plasma BA concentration is altered after PHx as well.  

Analysis of different primary conjugations of BA after PHx revealed that the total amount of 

taurine conjugated BAs increased from 44.19 ± 8.04% to 69.55 ± 22.45% compared to sham 

controls (fig. 28A). Accordingly, unconjugated, and glycine-conjugated BA concentrations were 

decreased in PHx mice compared to sham 1 day after PHx. The total BA concentration in the 

serum of PHx treated mice increased to 749.94 ± 396,34 µmol/L 1 day after surgery and was 

slightly enhanced until 3 days after surgery (fig. 28B).  

The total BA concentration was increased 1 day after PHx (fig. 1B, p = 0.0142). The distinct 

analysis of the three conjugation possibilities of BAs revealed, that this increase in the total BA 

concentration was mainly mediated by unconjugated (fig. 28C; p = 0.0264) and taurine-

conjugated (fig. 28D; p = 0.0134) bile salts, as a significant increase was measured compared 

to the control group. Glycine-conjugated bile salts showed no increase after 1 day compared 

to the control; at the same time, the measured concentration was one potential lower (fig. 28E). 

This highlights that mainly taurine- and unconjugated BAs influence platelet activation and 

thrombus formation after PHx in mice. 
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Figure 28. Enhanced taurine conjugation in mice undergoing PHx. From naïve C57Bl6/J mice (ctrl.) and 1, 3 
and 7 days after PHx, serum samples were collected and analyzed by UPLC-MS/MS. (A) Percentage distribution 
of different conjugation states of the BAs show an increase in taurine conjugation in PHx mice. Time dependent 
analysis of BA composition shows an enhanced development of unconjugated BAs (A), total BAs (B) and taurine-
conjugated BAs(C) in the serum 1 and 3 days after PHx. (E) No difference in the development of glycine-conjugated 
BAs. (n = 5 control mice (ctrl); 1d: 3 sham, 6 PHx; 3d: 3 sham, 4 PHx; 7d: 3 sham, 3 PHx).  * = p < 0.05, tested by 
Two-Way ANOVA with Bonferroni’s post hoc test. 

 

4.3.3 Efficiently restored thrombopoietin production is mediated via hepatic 

AMR and JAK2-STAT3 signaling  

Platelet counts are regulated through TPO biosynthesis in hepatocytes [77]. Hepatic TPO 

production is mainly regulated through clearance of desialylated, senescent platelets that bind 

to the hepatic AMR in healthy mice. During the aging process platelets degrade their stored 

RNA, externalize more phosphatidylserine (PS) at the cell membrane and additionally lose 

their sialic acid moiety at GPs [184]. This binding of desialylated platelet to the AMR induces 

the activation of the JAK2/STAT3 signaling pathway resulting in enhanced TPO protein 
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biosynthesis and accelerating TPO serum concentrations. The hepatic AMR binds to free 

terminal carbohydrate residues on GPs which are usually covered by sialic acid moieties [185]. 

Even though a reduced liver tissue was still present 3 days after PHx, platelet counts were 

efficiently restored at that time point. However, so far nothing is known about the regulation of 

TPO and platelet count after liver resection. Therefore, TPO production in the remaining liver 

tissue was analyzed in further detail. 

 

4.3.3.1 Different mechanisms lead to enhanced platelet clearance after PHx 

In a first approach, the exposure of PS of platelets from PHx and sham operated mice was 

measured. The exposure of PS at the surface of platelets is a marker for the pro-coagulant 

activity of platelets [186]. Besides, it is also a parameter to estimate the senescence of 

platelets, thus being actively involved in the platelet clearance by hepatocytes [184, 187]. 

Shortly after PHx when platelet counts were decreased and platelet activation was inhibited, 

differences in PS exposure were detected. A reduced PS exposure was measured on platelets 

stimulated with CRP 7 days after PHx (p = 0.0170), while no differences in PS exposure could 

be detected at any other time point (fig. 29A). 

 

It is known that platelets could be cleared by the liver via glycan dependent mechanisms. 

Therefore, the sialic acid moiety of circulating platelets post PHx was investigated. The fraction 

of desialylated platelets was examined by platelet lectin binding of three different types of 

lectins: Ricinus communis agglutinin (RCA-1), erythrina cristagalli lectin (ECA) and triticum 

vulgaris agglutinin (WGA – wheat germ agglutinin), all lectins that recognize terminal galactose 

residues. With all three lectins a reduced fraction of aged platelets could be measured in PHx 

compared to sham mice 1 day after operation (RCA-1: p = 0.0467; WGA: p = 0.0008; ECA: 

p = 0.0946). No difference in lectin binding could be observed between sham and PHx mice 

with all tested lectins 3 days after PHx. With recovering liver mass at day 7, the fraction of 

lectin positive platelets of PHx mice was higher in contrast to sham operated controls. With 

RCA-1 and WGA a significantly increased fraction could be found (RCA-1: p = 0.0002; WGA: 

p = 0.0353), while the ECA positive fraction was not increased (fig. 29C). Again, with fully 

recovered liver mass after 14 days the fraction of lectin positive platelets of PHx and sham 

operated mice was comparable. These results suggested accelerated desialylated platelet 

clearance 1 day after PHx and reduced lectin mediated platelet clearance because elevated 

lectin positive platelet fractions were detected 7 days after PHx. Whether these results were 

based on enhanced platelet turn-over, the RNA-content of platelets via Thiazole Orange 

staining in flow cytometric analysis was evaluated. Young, freshly generated platelets 

incorporate RNA until the RNA is degraded upon senescence [188]. Thiazole Orange staining 
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revealed extended levels of RNA in platelets 7 days after PHx (p = 0.0486), while no 

differences could be measured at any other time point (fig 29.B).  

 
Figure 29. Analysis of platelet populations after PHx indicates tight platelet count regulation. Platelets from 
PHx and sham operated mice were analyzed using flow cytometry regarding their specific side scatter (SSC) and 
forward scatter (FSC) profile in combination with the platelet specific marker GPIb. (A) Annexin V-binding of GPIb 
positive platelets was normalized to the control group of each time point. Stimulation with CRP revealed diminished 
PS exposure on the surface of platelets 7 days after PHx (n = 1+3d: 8 sham + 9 PHx; 7 + 14 d: 4 sham, 4 PHx). (B) 
Thiazole orange staining of RNA-rich, young GPIb positive platelets measured via flow cytometry shows 
upregulation of RNA content 7 days after PHx (n = 8 sham + PHx for 1d + 3d; 4 sham, 5 PHx for 7+ 14 d). (C) 
Analysis of platelets positive for binding of the RCA-1, ECA and WGA lectin at indicated time points exhibited a time 
dependent up- (1d) and down-regulation (7d) of the glycosylation state of platelet receptors (n= 4 sham, 5 PHx). * 
= p < 0.05, ** = p < 0.01; tested with ordinary Two-Way ANOVA with Bonferroni's post-hoc test. CRP = collagen-
related peptide; RCA-1 = Ricinus communis agglutinin-1; ECA = erythrina cristagalli agglutinin; WGA = wheat germ 
(Triticum vulgaris) agglutinin. 

 
Additionally, it is known that increased shear stress induces desialylation of platelets in a vWF-

GpIb⍺ dependent manner [189]. Analysis of neuraminidase (Neu)-1 expression 1d after PHx 

revealed that platelets of PHx mice have a higher Neu-1 expression on their surface compared 

to their sham controls (fig. 30A). Binding of vWF to GPIb induced by the snake venom 

botrocetin (thus mimicking enhanced shear stress) led to increased Neu-1 expression in sham 

operated mice, while upregulation of Neu-1 was inhibited in PHx mice (fig. 30B). At the same 

time, no difference in the plasma activity of Neu-1 could be measured (fig. 30D). This effect of 

vWF-GPIb mediated increase of Neu-1 expression was confirmed by blocking vWF-binding to 

GPIb with an antibody that reacts with the N-terminal 45 kDa domain of mouse GPIbα (CD42b, 

XiaG5, Emfret analytics; fig. 30B). In addition, enhanced vWF-binding on platelets 

accompanied by enhanced levels of vWF in the plasma of PHx animals 1d after PHx was 
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observed compared to sham controls (fig.30C+E). Considering a portal hypertension after PHx 

as described in literature [190], accompanied by reduced lectin binding compared to sham 

controls 1 day after PHx (fig. 30B), it is conceivable that shear stress induced vWF binding at 

least partially contributes to reduced lectin positive platelets.  

 

These results suggest a reciprocal relationship between two clearance mechanisms at early 

and late time points after PHx: First, an enhanced clearance of desialylated platelets within the 

first day after PHx. Additionally, this effect of platelet desialylation is further increased in an 

autocrine manner due to defective platelet activation by enhanced shear stress. And second, 

an increased clearance of PS-positive platelets at late time points (Day 7). A notion that is 

supported by diminished PS exposure with enhanced RCA-1 binding of PHx platelets at day 7 

and increasing numbers of RNA-rich, newly produced platelets 7 days after PHx. 

 

 
Figure 30  PHx results in enhanced plasma von Willebrand Factor (vWF) levels accompanied by enhanced 
vWF-platelet binding and neuraminidase-1 (Neu-1) expression on platelets 1d after PHx. Platelets from PHx 
and sham mice were analyzed in the flow cytometer regarding their specific side (SSC) and forward scatter (FSC) 
profile. (A) Expression of Neu-1 was investigated in unwashed whole blood on platelets positive for the platelet 
specific marker GPIb 1d after operation with indicated agonists (n=6). (B) Expression of Neu-1 on platelets 
stimulated with the sneak venom Botrocetin (Botro.) and additional blockade of the N-terminal binding site of GPIb 
by antibody treatment (n=6). (C) Binding of von Willebrand Factor (vWF) after stimulation with Botro. and CRP in 
isolated platelets 1d after PHx. (D) Plasma activity of Neu-1 revealed no differences 24h after PHx compared to 
sham controls (n=6). (E) PHx leads to enhanced plasma levels of vWF compared to sham controls 1d after operation 
(n=6). Depicted are mean values + s.e.m.; * = p < 0.05, ** = p < 0.01, *** = p < 0.001 using unpaired students t-test 
and for (B) three-Way ANOVA with Bonferroni's post hoc test. 
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4.3.3.2 Platelets accumulate in the liver within the initial phase of liver 

regeneration  

A decreased fraction of lectin positive platelets in whole blood of PHx mice accompanied by 

decreased platelet counts early after PHx assumed mechanisms for platelet consumption. To 

analyze whether platelets accumulate in the liver within the initial phase of liver regeneration, 

an immunofluorescence staining was performed that detects the platelet specific receptor 

GPIb. As shown in the immunofluorescent images, an extended number of GPIb positive 

platelets were observed 1 day after PHx in mice. Only a small number of GPIb positive platelets 

could be identified at all other times points after PHx (fig. 31). Sham operated mice displayed 

almost no GPIb positive staining. This provides evidence that PHx leads to platelet 

accumulation in the remnant liver tissue, strengthening the hypothesis of an interaction of 

platelet with non-parenchymal or parenchymal liver cells. 
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Figure 31. Platelet accumulation in the regenerative liver tissue after PHx. At indicated time points platelets 
were stained using paraffin embedded liver tissue sections [5 µm]. Representative images show GPIb positive 
platelets in the liver. Platelets accumulate in liver tissue at day 1 and to a lesser extent at day 3 after PHx. Nucleus 
staining was performed with DAPI. Differential interference contrast (DIC) is shown to allow orientation in liver tissue 
(n =4). Scale bar = 50 µm 
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4.3.3.3 Regenerating liver tissue exhibits enhanced TPO production  

Shortly after PHx, mild thrombocytopenia was observed along with a decreasing number of 

lectin-positive platelets. Platelet counts returned to normal but showed altered populations of 

lectin (increased) and annexin V-positive (decreased) platelets compared to sham controls 7 

days after PHx. A negative reciprocal correlation between the fraction of young platelets, 

incorporating plasma TPO through their Mpl receptor and the TPO generation affecting 

megakaryopoiesis has been described [191]. Therefore, it was of interested to understand the 

molecular mechanisms underlying the regulation of TPO gene expression and secretion. 

To investigate if the early restoration of platelet counts is mediated by the regulation of TPO 

production via AMR signaling the gene expression of both subunits of the AMR, Asgr1 and 

Asgr2 was analyzed. Since AMR and IL-6R share the same signaling pathway, the Il-6r gene 

expression was also analyzed. Gene expression analysis of the whole liver mass revealed that 

the expression of the Asgr1 subunit was increased by 3.8 ± 0.99-fold 6 h after PHx (p = 0.0023) 

compared to the native control. In the later regenerative phase, a second expression peak 3 

days after PHx was detectable without reaching statistical significance (p = 0.4797; fig. 32A). 

On the other hand, the expression of the Asgr2 subunit was only moderately increased 6 h 

after PHx without reaching statistical significance, while 3 days after PHx a 1.88 ± 0.38-fold 

gene induction was measured compared to native controls (p = 0.0003; fig. 32B). Interestingly, 

the gene regulation of the acute phase cytokine receptor Il-6r was comparable to the AMR 

subunit expression. The gene expression enhanced 6 h after PHx by 5.94 ± 1.0-fold 

(p = 0.0004), normalized at later time points and developed a second expression peak after 3 

days by 3.0 ± 0.74-fold (p = 0.1876; fig. 32C).  

The expression of Tpo in liver lysates confirmed a biphasic regulation with elevated gene 

expression 6 h (2.98 ± 0.71-fold; p = 0.0023) and 3 days (2.31 ± 0.2-fold; p = 0.0478) after PHx 

(fig. 32D) that normalizes with regenerating liver and platelet counts 7 days after PHx. Since 

the Tpo gene expression in the liver was upregulated, the plasma content of TPO was analyzed 

using a murine TPO specific sandwich ELISA. As shown in fig. 32E an enhanced TPO plasma 

level of 88.36 ± 15.39 µg/mL was detected 1 day after PHx compared to 47.65 ± 4.53 µg/mL 

of the sham controls (p = 0.0367; fig. 32E). However, no differences were measured at all other 

times points. The second biphasic peak in TPO gene expression (day 3) was only indirectly 

reflected in the measured plasma level of TPO.  

To set the TPO plasma level in relation to reduced liver mass after PHx, the ratio between both 

factors was calculated. The calculated ratio could prove an increased TPO production 

(p = 0.0015) in the remaining liver 3 days after PHx compared to sham controls. This ratio 

emphasized that the regenerative liver produced increased amounts of TPO to compensate 

for the decreased platelet count shortly after PHx (fig. 32F). At the same time, an increased 
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amount of TPO must be produced from residual liver tissue, but only to counteract a repeated 

reduction of the TPO level in the plasma and the subsequent reduced platelet count. 

 
Figure 32. Enhanced TPO synthesis after PHx is associated with upregulated Il-6R and AMR. Gene 
expression in whole liver tissue of different target genes was analyzed using the ΔΔCt method (n= 3 native mice; 0 
h: 4 PHx mice; 3 h-14 d: 5-6 PHx mice). GAPDH was used as housekeeping gene. (A) Gene expression of the 
AMR subunit shows Asgr1 upregulation 6 h after PHx. (B) Gene expression of the AMR subunit Asgr2 shows 
upregulation 3 days after PHx. (C) IL-6R is upregulated 6 h after PHx. (D) Tpo expression is enhanced in a bi-
phasic manner after 6 h and 3 d after PHx. (E) TPO plasma levels of controls (ctrl), sham and PHx mice were 
measured by ELISA and show elevated TPO levels 1 day after PHx. (F) Ratio between TPO plasma levels and liver 
weight ratio revealed elevated TPO synthesis of the remnant liver 3 days after PHx (n = control 3; 1d = 6 sham, 7 
PHx; 3/7/14d = 4 mice/group). * = p < 0.05, ** = p < 0.01, *** = p < 0.001; (A-D) tested with ordinary One-Way 
ANOVA with Dunnett’s post-hoc test. (E-F) tested with ordinary Two-Way ANOVA with Bonferroni's post-hoc test. 

 

4.3.3.4 Enhanced TPO expression and release is mediated by the JAK2/STAT3 

pathway  

To date, the regulation of hepatic TPO expression and release via the AMR/ JAK2/STAT3 

signaling pathway was only investigated under steady state conditions [77, 148]. As enhanced 

gene expression of both receptors is in line with enhanced Tpo expression and plasma 

concentration, it was of interest to verify if the underlying signaling pathways under steady 

state conditions were also evident upon liver injury. Therefore, Western blots to analyze the 
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phosphorylation of receptor kinase JAK2 and the transcription factor STAT3 in total liver 

lysates of native, sham and PHx operated mice at different time points were performed.  

Both proteins exhibited a hyper-phosphorylation state 1 day after PHx compared to sham 

controls (fig. 33A). Densitometric analysis of Western blots revealed a higher phosphorylation 

of JAK2 upon PHx stimulus compared to controls (p = 0.0142; fig. 33B). Furthermore, an 

increase of STAT3 phosphorylation was detected 1 day after PHx (p = 0.0003; fig. 33C), but 

also a moderate increase 3 days after PHx without reaching statistical significance.   

Taken together these results provided evidence that PHx stimulates TPO biosynthesis via an 

AMR/JAK2/STAT3 signaling pathway leading to enhanced TPO plasma levels.  

 

 
Figure 33. PHx induces JAK2/STAT3 signaling in WT mice early after PHx. Whole liver tissue of native control 
mice (ctrl.), sham and PHx operated C57Bl6/j mice was lysed and western blot analysis was performed. (A) 
Representative immunoblots of total liver cell lysates using anti-pJAK2 and anti-JAK2 antibodies and anti-pSTAT3 
and anti-STAT3 monoclonal antibodies showing enhanced phosphorylation of both proteins one day after PHx. 
GAPDH was used as loading control. Densiometric analysis of pJAK2 (B) and pSTAT3 (C) in relation to the loading 
control GAPDH revealed statistically significant upregulation of protein phosphorylation upon liver injury. (n=4). * = 
p < 0.05, *** = p < 0.001; tested with ordinary Two-Way ANOVA with Bonferroni's post-hoc test. 
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4.3.4. PHx provokes mild splenomegaly with enhanced megakaryopoiesis and 

splenic platelet sequestration 

After liver resection, a portal hypertension develops [192]. Megakaryopoiesis happens mainly 

in the BM but also to a smaller degree in splenic tissue of healthy mice [193]. Additionally, to 

the sequestration of platelets is mediated by the spleen as well [194]. Since enhanced TPO 

plasma levels were measured upon liver injury (fig. 31), megakaryopoiesis in spleen and BM 

was analyzed in further detail.   

 

4.3.4.1 Augmented megakaryopoiesis in the spleen and bone marrow of PHx 

operated mice.   

Moderate splenomegaly of PHx treated mice was observed as the spleen weight ratio was 

calculated. The spleen of PHx operated mice expanded from 1 to 7 days after PHx to a nearly 

doubled spleen mass (PHx day 1: 3.35 ± 0.14 g – PHx day 7: 6.22 ± 0.59 g, p = 0.0031). 

Splenomegaly decreased to a normal magnitude of the spleen with fully regenerated liver 

tissue after 14 days. (fig. 34A+B).  

Additionally, HE-staining was performed to count the number of megakaryocytes in paraffin 

embedded tissue section of the femur BM and the spleen.  

In line with splenomegaly, an enhanced number of megakaryocytes was observed in spleen 

tissue 3 (p = 0.0019) and 7 days (p < 0.0001) after PHx while megakaryopoiesis normalized 

14 days after PHx (fig. 34C+D).  



Results 

85 
 

 
Figure 34. Mild splenomegaly and enhanced megakaryopoiesis in spleen following PHx. Murine splenic 
tissue from sham and PHx mice was analyzed at indicated time points. (A) Calculated spleen weight ratio revealed 
mild splenomegaly 7 days after PHx compared to respective sham controls. (n = 1d: 10 sham, 14 PHx; 3d: 9 sham, 
9 PHx; 7d: 8 sham, 10 PHx, 14d: 5 sham, 5 PHx). (B) Representative images of the dissected spleen 7 days after 
PHx. (C) Megakaryocytes in the spleen tissue sections were counted and showed upregulation of MK’s 3 and 7 
days after PHx. (n = 5 sham, 5 PHx) (D) Representative images of the spleen tissue at indicated time points. Arrows 
indicate MK’s in the spleen tissue. * = p < 0.05, ** = p < 0.01, *** = p < 0.001; tested with ordinary Two-Way ANOVA 
with Bonferroni's post-hoc test. Scale bar = 50 µm. 

 
In addition to enhanced megakaryopoiesis in the spleen, an enhanced number of MKs was 

detected in BM using HE-staining of BM sections. After 3 (p = 0.0011) and 7 days (p = 0.0112) 

post PHx increased numbers of MKs were detected which normalized after 14 days compared 

to sham controls (fig. 35). Interestingly, megakaryopoiesis seemed to take place inversely in 

the spleen and the BM. While the MK number peaked after 3 days in the BM, the maximum 

number of MKs was reached at day 7 in the spleen.   
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Figure 35. Enhanced megakaryopoiesis in the bone marrow after liver injury. Murine femur was dissected and 
the bone marrow (BM) of sham and PHx mice was obtained and analyzed for MKs at indicated time points. (A) 
Megakaryocytes in the BM tissue sections were counted and showed upregulation of MK’s 3 and 7 days after PHx. 
(n = 5 sham, 5 PHx) (B) Representative images of the BM at indicated time points. Arrows indicate MK’s in different 
regions of the BM. * = p < 0.05, ** = p < 0.01; tested with ordinary Two-Way ANOVA with Bonferroni's post-hoc test. 
Scale bar = 50 µm. 

 

4.3.4.2 Enhanced sequestration of platelets into the spleen following liver injury  

To analyze the sequestration of platelets into the spleen after PHx, GPIX specific monoclonal 

antibody staining in spleen tissue was performed. Accompanied by mild splenomegaly, 

sequestration of platelets was observed by an increased fraction of GPIX positive platelets in 

the spleen of mice 7 days post PHx compared to sham controls (p = 0.0018; fig. 36). Enhanced 

sequestration of GPXI positive platelets disappeared when the liver was fully regenerated 14 

days after PHx. Thus, both – accelerated platelet sequestration and enhanced 

megakaryopoiesis in the spleen – might account for the increase in spleen size at later time 

points after PHx.  

Taken together, the increase in megakaryocyte numbers in spleen and BM might be 

responsible for the increased number of newly produced platelets in the blood of PHx operated 

mice to compensate for thrombocytopenia.  
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Figure 36. Enhanced platelet sequestration into the spleen following liver injury. Murine spleen tissue from 
sham and PHx mice was analyzed for platelet sequestration at indicated time points (A) A platelet specific marker 
(GPIX) was used to detect platelets combined with DAPI staining to distinguish between red and white pulp of the 
spleen. Total GPIX positive fluorescence area [IFGPIX/ µm²] of the red pulp of the spleen sections was determined 
(n = 4) (B) Representative images of the spleen at indicated time points. * = p < 0.05; tested with ordinary Two-Way 
ANOVA with Bonferroni's post-hoc test.Scale bar = 50 µm. 

 

4.4 IL-6R supports TPO expression and release to enhance 

megakaryopoiesis after liver injury and modulates platelet 

activation 

Different reports in the past suggested that the IL-6R is involved in the regulation of TPO and 

platelet counts [87, 195]. Therefore, a mouse model with a constitutive IL-6R knock-out 

(IL-6R-/-) was used to investigate if activation of the IL-6R after liver injury accompanies for the 

early restoration of platelet counts after PHx.  

IL-6R plays a prominent role in liver regeneration after PHx [148]. IL-6R induces the generation 

of hepatocyte growth factor (HGF) which directly influences liver regeneration. Consequently, 

80% of IL-6R deficient mice die within 48 h after liver ligation due to insufficient liver 

regeneration [148]. However, 20% of the mice have established a compensatory mechanism 

to survive and regain liver mass [148]. To further study the underlying mechanism if and how 
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the IL-6R participates in the regulation of TPO and the restoration of platelet counts after PHx, 

IL-6R-/- mice were analyzed for TPO regulation, JAK2/STAT3/5 signaling, megakaryopoiesis 

and platelet activation upon liver regeneration and inflammation. 

 

4.4.1 Genetic deletion of IL-6R elicits a disturbed regulation of platelet counts 

and a hyperactive state of platelets 

At first, it was of interest if platelet activation and total blood cell counts were affected by the 

genetic deletion of the IL-6R. Flow cytometric analysis of platelets was performed, and the total 

blood cell counts were measured.  

 

4.4.1.1 Reduced liver regeneration and thrombocytosis in IL-6R knock-out mice  

First, healthy IL-6R-/- mice were analyzed because data are lacking about the impact of IL-6R 

in platelet activation. Interestingly, the deletion of the IL-6R affects the regulation of platelet 

counts. Already under steady state conditions, the loss of the IL-6R affects the number of 

platelets in the blood stream of these mice. An enhanced number of platelets (WT: 901.2 ± 

26.9 x 103/µL vs. IL-6R-/-: 1111.1 ± 77.9 x 103/µL; p = 0.03) in the blood stream of IL-6R-/- mice 

was observed compared to age-matched WT controls (fig. 37A).  

As already described above, WT mice develop thrombocytopenia 1 day after PHx. In PHx 

treated IL-6R-/- mice, platelet counts decreased as observed in WT mice. Thus, the 

thrombocytosis in native IL-6R-/- mice turned into more severe thrombocytopenia after PHx 

compared to the respective WT mice (fig. 37A). 

The loss of the IL-6R does not influence the RBC count (fig. 37B) or the WBC count (fig. 37C) 

neither in the native state nor after PHx compared to WT mice. However, a mild increase of 

WBCs after PHx in IL-6R-/- mice was observed without reaching statistical significance. 

According to literature, a reduced liver regeneration within the first day after PHx was detected 

in IL-6R-/- mice (fig. 37D). Interestingly, two out of seven mice had a remarkable better liver 

regeneration regarding calculated liver weight ratio. A calculated spearman correlation points 

to a positive correlation of the platelet count and the regenerated liver volume (ρ = 0.7143 + 

p = 0.0881; fig. 37E). These results provide first evidence for an IL-6R dependent regulatory 

pathway after PHx resulting in an enhanced liver regeneration and rising platelet counts in the 

blood.  
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Figure 37. IL-6 receptor deficiency is accompanied by dysregulated platelet counts and impaired liver 
regeneration. Whole blood from WT and IL-6R-/- mice was taken and analyzed using a hematology analyzer 
(Sysmex KN-X21). (A) Enhanced platelet counts in IL-6R-/- mice under steady state (native) conditions but strongly 
decreased platelet counts after PHx compared to WT controls were detected. (B) Red blood cell counts of WT and 
IL-6R-/- mice undergoing PHx indicated no differences between groups. (C) White blood cell counts are also 
unaltered between the tested groups (n= native: 8 WT, 8 IL-6R-/-; PHx: 5 WT, 7 IL-6R-/-). (D) Calculated liver weight 
ratio revealed reduced liver regeneration in IL-6R-/- mice (n = native: 5 WT, 5 IL-6R-/-). (E) Spearmen correlation 
gives a first hind that the platelet count is positive correlated with liver regeneration in IL-6R-/- mice (PHx: 5 WT, 7 
IL-6R-/-). * = p < 0.05, tested with unpaired students t-test. 

 

4.4.1.2 Platelets from IL-6R-/- mice exhibit enhanced degranulation and pre-

activated αIIbβ3 integrin  

As the platelet counts in IL-6R-/- mice were enhanced, the activation of these platelets was 

studied in further detail. Whole blood from WT and IL-6R-/- mice was obtained and analyzed 

with respect to GP surface expression, platelet degranulation, and αIIbβ3 integrin activation 

using flow cytometry.  

No differences in GP expression of IL-6R-/- platelets compared to WT platelets were observed 

(fig. 38A), whereas enhanced degranulation of ⍺-granules as measured by P-selectin 

externalization was detected. Stimulation of the ITAM coupled GPVI receptor led to increased 

P-selectin externalization with low (p = 0.029), intermediate (p = 0.0061) and high doses (p = 

0.044) of CRP. GPCR mediated signaling was affected as well, since activation of platelets 

with PAR4 peptide also led to enhanced P-selectin externalization with low (p = 0.040) and 

intermediate (p = 0.0002) concentrations of agonist compared to WT. Stimulation with the 
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second wave mediators ADP (p = 0.0001) or ADP and U46619 (p = 0.0002) also led to 

enhanced platelet degranulation (fig. 38B).  

Enhanced platelet activation of IL-6R-/- platelets was also reflected by elevated activation of 

integrin αIIbβ3. Stimulation with CRP at different concentrations led to enhanced αIIbβ3 integrin 

activation at the platelet surface (low – p = 0.0265; intermediate – p < 0.00001; high – p = 

0.0043). Additionally, enhanced integrin activation was also detected with low (p = 0.0193) and 

intermediate (p = 0.0001) concentrations of PAR-4 peptide. Furthermore, activation of αIIbβ3 

integrin was already detectable under resting conditions (p = 0.0025) using platelets from IL-

6R-/- mice compared to WT controls (fig. 38C) suggesting that the loss of IL-6R leads to a pre-

activated state of platelets under steady state conditions. This was further supported by the 

fact that there were no differences in the surface externalization of β3 integrin of IL-6R-/- 

platelets detectable neither under resting nor under activated conditions (fig. 38D). This 

suggests that enhanced integrin activation is not a consequence of an enhanced copy number 

of the integrin at the platelet surface of IL-6R-/- platelets.  

 
Figure 38. Platelets from IL-6R-/- exhibit enhanced platelet activation under resting and stimulated 
conditions. Platelets from native WT and IL-6R-/- mice were analyzed by flow cytometry regarding their specific 
side scatter (SSC) and forward scatter (FSC) profile. (A) Expression of indicated glycoproteins on the surface of 
platelets measured via mean fluorescence intensity (MFI) indicates no differences between groups. (B) 
Externalization of P-selectin on the platelet surface following stimulation with indicated agonists showed enhanced 
degranulation in response to GPCR and ITAM signaling. (C) Loss of IL-6R leads to enhanced activation of ⍺IIbβ3 
integrin on the platelet surface with indicated agonists and under resting. (D) Externalization of β3 integrin following 
platelet stimulation indicated no differences between groups (n= 8 WT, 8 IL-6R-/-). * = p < 0.05, ** = p < 0.01, *** = 
p < 0.001; tested with students t-test. CRP = collagen-related peptide. 
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4.4.1.3 GPVI mediated signaling pathways are predominantly affected in IL-6R-/- 

platelets after liver resection 

Mild thrombocytopenia appeared with platelet activation defects in WT mice 1 day after PHx. 

In IL-6R-/- mice, thrombocytosis was observed under native conditions, but platelet counts drop 

to levels observed in WT mice after PHx. Therefore, it was of great interest if platelet activation 

was also affected by liver injury as observed in WT mice early after PHx.   

 
Figure 39. Loss of IL-6R leads to altered platelet activation after PHx. Platelets from WT and IL-6R-/- mice were 
analyzed by flow cytometry regarding their specific side scatter (SSC) and forward scatter (FSC) profile one day 
after PHx. (A) Reduced GPVI exposure of IL-6R deficient platelets as measured by mean fluorescence intensity 
(MFI). (B-C) Externalization of P-selectin (B) and activation of ⍺IIbβ3 integrin (C) on the surface of IL-6R deficient 
platelets showed enhanced platelet activation with G-protein-coupled Receptor (GPCR) stimulating agonists but 
reduced activation following CRP mediated GPVI signaling compared to WT controls. (D) Externalization of β3 
integrin upon platelet stimulation with indicated agonists. GPVI activation leads to reduced β3 integrin exposure of 
IL-6R deficient compared to controls platelets (n=5 WT, 7 IL-6R-/-). * = p < 0.05, ** = p < 0.01, *** = p < 0.001; tested 
with students unpaired t-test. CRP = collagen-related peptide; rest = resting. 

Analysis of GP surface expression revealed that IL-6R-/- platelets express 13.8% less GPVI on 

their surface 1 day after PHx (WT-MFI: 18.5 ± 0.26 vs. IL-6R-/--MFI: 17.1 ± 0.35; p = 0.019), 

while all other GPs were unaltered (fig. 39A). The externalization of P-selectin was still 

enhanced following GPCR activating agonists such as ADP + U46 (p = 0.027) and high PAR-

4 peptide concentrations (p = 0.0457). However, degranulation with moderate (p = 0.0004) and 

high (p = 0.0105) concentrations of CRP led to decreased degranulation of IL-6R-/- platelets 

compared to WT controls (fig. 39B). Analysis of αIIbβ3 integrin activation revealed a pre-

activated state of IL-6R-/- platelets compared to WT at resting conditions (p = 0.0088). GPCR 

activation results in enhanced integrin activation of IL-6R-/- platelets by ADP (p = 0.0107), ADP 

combined with U46 (p = 0.036) and high PAR-4 peptide concentrations (p = 0.022) 1 day after 

PHx. Therefore, low (p = 0.017) and moderate (p = 0.0033) CRP concentrations led to a 
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reduction in integrin activation (fig. 38C). Contrary to the results in native mice, the β3 integrin 

surface externalization was reduced (p = 0.0006) upon high CRP stimulation (fig. 39D) that 

might account for reduced integrin activation in response to CRP.  

 

4.4.1.4 Loss of IL-6R leads to the formation of dysregulated platelet populations 

under native conditions and after liver injury 

Platelet counts as well as platelet activation of IL-6R-/- mice were altered before and after PHx 

compared to WT controls. Moreover, the expression of IL-6R is upregulated after PHx 

suggesting that the receptor is involved in the regulation of TPO synthesis and thus in the 

regulation of megakaryopoiesis. Therefore, a detailed analysis of the different platelet 

populations was of strong interest to identify the role of the IL-6R in megakaryopoiesis and 

hemostasis. Hence, platelet size, RNA content, PS surface exposure as well as lectin binding 

of platelets from IL-6R-/- mice were analyzed using flow cytometry.  

The analysis of these parameters via thiazole orange staining of GPIb positive platelets 

demonstrated that the number of young platelets in the blood stream was increased in IL-6R-/- 

mice before (size: p = 0.0002; RNA-content: p = 0.405) and after PHx (size: p = 0.0003; RNA-

content: p = 0.0182) compared to WT controls (fig. 40A+C). Additionally, the data above 

indicated that PHx itself stimulates the production of new platelets because a significant 

difference in platelet size of native compared to PHx platelets was detected repeatedly 

(p < 0.0001; fig. 40A – compare fig. 18B). Interestingly, the population of lectin positive plates 

varies according to the lectin used for the measurement. Within ECA and WGA no differences 

between all tested groups could be detected. Therefore RCA-1 binding revealed a significantly 

enhanced fraction of lectin positive platelets in IL-6R-/- mice after PHx compared to all other 

groups (native vs. PHx – IL-6R-/-: p = 0.0001; WT vs. IL-6R-/- – PHx: p = 0.0021; WT (native) 

vs. IL-6R-/- – PHx: p = 0.0423; fig. 40B). Annexin V binding of platelets was measured as well 

to identify differences in the platelet fraction of old platelets as well as a marker for pro-

coagulant activity of IL-6R-/- platelets. In the native state, PS exposure of IL-6R-/- platelets was 

enhanced upon CRP stimulation (p = 0.0479) compared to WT controls. However, no 

differences between both groups were detected after PHx (fig. 40D).  

These results point to an important role of IL-6R in platelet count regulation, platelet activation 

and platelet aging under steady state conditions as well as after acute inflammation and liver 

resection.  
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Figure 40. After PHx only GPVI mediated signaling is reduced in IL-6R-/- derived platelets. Platelets from 
native WT and IL-6R-/- mice were analyzed via the flow cytometry regarding their specific side scatter (SSC) and 
forward scatter (FSC) profile one day after PHx. (A) Expression of indicated glycoproteins on the surface of platelets 
measured via mean fluorescence intensity (MFI) indicate GPVI deficiency in IL-6R-/- animals. (B) Externalization of 
P-selectin on the platelet surface with indicated agonists showed enhanced degranulation with G-protein-coupled 
Receptor (GPCR) stimulating agonists. However, CRP mediated GPVI signaling is reduced compared to WT.(C) 
Activation of ⍺IIbβ3 integrin on the platelet surface with indicated agonists showed pre-active state of IL-6R-/- animals 
and additional hyperreactivity due to all tested GPCR stimulating agonists. Again, only CRP stimulation results in 
activation defects (D) Externalization upon platelet stimulation of β3 integrin subunit indicated a difference with CRP 
stimulation (n=5 WT, 7 IL-6R-/-). * = p < 0.05, ** = p < 0.01, *** = p < 0.001; tested with unpaired students t-test. 
CRP = collagen-related peptide. 

 

4.4.2 TPO expression and megakaryopoiesis are causally linked to IL-6R 

signaling under native conditions and after liver injury 

The genetic loss of IL-6R led to enhanced platelet counts, enhanced platelet activation and 

dysregulated platelet fractions under native as well as under inflammatory conditions with 

reduced liver tissue. As platelet counts and platelet subpopulations are altered in IL-6R-/- mice, 

the question arises if TPO biosynthesis and megakaryopoiesis are modulated by IL-6R. 

Therefore, TPO relevant signaling pathways and TPO serum content were analyzed in 

IL-6R-/- mice before and after PHx.  
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4.4.2.1 Elevated Ashwell Morell receptor expression in the total liver tissue of IL-

6R-/- mice  

According to the experiments with WT mice described above, the expression of the AMR was 

examined in IL-6R-/- mice. Liver lysates were analyzed for Tpo expression and the level of 

different AMR subunits compared to WT controls.  

 
Figure 41. Enhanced TPO synthesis after PHx is associated with upregulated AMR in IL-6R deficient mice. 
Gene expression of different target genes in liver was analyzed using the ΔΔCt method (n= 4-5 WT/time point + 5 
IL-6R-/-/time point). GAPDH was used as housekeeping gene. (A) Gene expression of the AMR subunit Asgr1 
showed upregulation at all tested time points in IL-6R-/- compared to WT mice. (B) Gene expression of the AMR 
subunit Asgr2 showed an upregulation in native mice, but not after PHx. (C) Tpo expression is enhanced in IL-6R-

/- mice before and after PHx. * = p < 0.05, ** = p < 0.01, *** = p < 0.001; (A-C) tested with ordinary One-Way ANOVA 
with Dunnett’s post-hoc test.   

As expected, both subunits of the AMR were upregulated in native IL-6R-/- compared to WT 

mice. In specific, Asgr1 was expressed 4.2 ± 0.58 - fold in IL-6R-/- compared to WT mice (fig. 

41A; p = 0.008), while the Asgr2 subunit was expressed 2.1 ± 0.2 - fold in IL-6R-/- mice 

compared to WT controls (fig. 41B; p < 0.0001). After PHx, enhanced expression of the Asgr1 

subunit was observed at all time points tested (0 h: 3.5 ± 0.2 - fold (p = 0.040); 12 h: 6.7 ± 0.9 

- fold (p = 0.007); 24 h: 13.9 ± 2.9 - fold (p = 0.0233)) (fig. 41A). In contrast, no difference in 

the expression of the Asgr2 subunit was detected between both groups after PHx (fig. 41B). 

The expression of Tpo under native conditions was enhanced likewise as shown by a 2.2 ± 

0.3 - fold induction compared to WT controls (p = 0.0462). After PHx, a 2.7 ± 0.2 - fold induction 

(0h - p = 0.0023) as well as a 3.2 ± 0.7 - fold induction (12h - p = 0.036) in Tpo expression was 

measured in IL-6R deficient mice compared to controls. However, no significant difference 

between WT and IL-6R-/- mice was detected 24 h after PHx, even though the total induction of 

Tpo was 3.9 ± 2.0 - fold compared to native WT controls (fig. 41C).  
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4.4.2.2 Genetic deletion of IL-6R leads to delayed TPO regulation after PHx  

As the expression pattern of the AMR and Tpo were regulated by the IL-6R, a detailed analysis 

of the signaling pathway downstream of the AMR was performed to elucidate how the IL-6R is 

involved in AMR-induced Tpo expression. Therefore, the phosphorylation of AMR target 

proteins such as JAK2 and STAT3/5 were analyzed by Western blot.  

 

In the liver of IL-6R-/- mice, JAK2 total protein expression as well as the phosphorylation of 

JAK2 were not altered compared to WT mice, neither under native nor under inflammatory 

conditions (1d post PHx; fig. 42B-C). In WT mice an increase of JAK2 phosphorylation 1d after 

PHx was detected as already described in part 4.3.3.4 (fig. 42C). A detailed analysis of the 

transcription factor STAT3, described as the main factor for TPO expression [77], revealed an 

upregulation of the total protein expression of STAT3 in WT mice compared to respective IL-

6R-/- mice 1d after PHx (p = 0.038). The analysis of STAT3 phosphorylation revealed 

significantly reduced pSTAT3 in native IL-6R-/- compared to WT mice (p = 0.015). Despite 

decreased levels of total STAT3 protein expression, no differences in the phosphorylation of 

STAT3 1d after PHx were observed (fig. 42D+E). These results provide evidence that liver 

injury induces the phosphorylation of remaining STAT3 in the liver of WT and IL-6R-/- mice.  

Thus, phosphorylation of STAT3 might be responsible for elevated Tpo expression in IL-6R 

deficient mice 1d after PHx. However, in IL-6R deficient mice STAT3 might be not responsible 

for Tpo expression under native conditions because significantly reduced phosphorylation of 

STAT3 was detected. Therefore, the phosphorylation of STAT5, another important 

transcription factor of the STAT family, was examined in IL-6R-/- mice (fig. 42F+G). Total protein 

expression of STAT5 under native as well as after PHx was indistinguishable between WT and 

IL-6R-/- mice. Furthermore, no differences of STAT5 phosphorylation were observed between 

the different groups, neither under native conditions nor after PHx. Notably, three out of five 

tested native IL-6R-/- mice showed enhanced STAT5 phosphorylation compared to their native 

WT control (Appendix fig. 3). However, the increase in STAT5 phosphorylation in three out of 

five IL-6R-/-mice was not statistically significant. Accordingly, there seems to be a certain 

compensation for each mouse individually to compensate for significantly reduced STAT3 

phosphorylation under native conditions. 

Besides gene expression, total TPO protein content in liver tissue of IL-6R-/- as well as the total 

serum content were analyzed. Western blot analysis revealed that TPO total protein 

concentration in the liver of IL-6R-/- mice was elevated in both, native mice and 1d after PHx 

(fig. 42A). 
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Figure 42. Dysregulated TPO protein expression and serum concentrations in native IL-6 deficient mice and 
after PHx. Whole liver lysates of native and PHx (1d) WT and IL-6R-/- were analyzed via western blot. (A) 
Representative immunoblots of total liver cell lysates are shown, analyzed using anti-pJAK2 + anti-JAK2 antibodies, 
anti-pSTAT5 + STAT5 and anti-pSTAT3 + anti-STAT3 monoclonal antibodies. TPO polyclonal antibody was used, 
h GAPDH served as loading control (n= 5 for each group). (B) Densitometric analysis of JAK2 and (C) pJAK2 
revealed no significant differences between WT and IL-6R-/- mice. (D) Densitometric analysis of STAT3 revealed 
reduced total STAT3 protein in IL-6R-/- after PHx. (E) Analysis of STAT3 phosphorylation revealed a reduced 
abundancy of pSTAT3 signal in native IL-6R-/- mice. (F) Densitometric analysis of total STAT5 protein expression 
and (G) phosphorylation showed no differences between groups. (H) Densitometric analysis showed upregulated 
TPO expression in IL-6R-/- mice after PHx but no differences in native mice. (I) Serum concentration of TPO were 
determined by ELISA and indicated an upregulation of TPO in native mice of both groups (Special characters 
indicate a difference to native WT mice (#) or differences between genotypes (*); #, * p < 0.05; ##, ** p < 0.01; 
###, *** P < 0.001; tested with paired students t-test; (H-I) tested with ordinary Two-Way ANOVA with Sidak's post-
hoc test. 

However, the increase in native mice was observed only by trend, while the increased levels 

after PHx were statistically significant compared to WT mice (fig. 42H, p = 0.040). Serum 

analysis revealed a constantly enhanced TPO serum concentration of 456.4 ± 59.1 pg/mL in 

the blood of IL-6R-/- mice, which is only moderately upregulated to 669.7 ± 105.3 pg/mL 1d 

after PHx without reaching statistical significance. In contrast, TPO serum concentration in WT 



Results 

97 
 

mice, as already shown in fig. 32, was tightly regulated after PHx. Comparing both genotypes, 

a low concentration of 158.3 ± 39.1 pg/mL was detected in WT compared to 456.4 ± 59.1 

pg/mL in native IL-6R-/- mice (p = 0.0069). In the following course, serum concentration in WT 

mice reached its maximum with 688.4 ± 35.9 pg/mL 12h after PHx while IL-6R-/- mice only 

displayed a significant reduced TPO concentration of 522.3 ± 37.8 pg/mL (p = 0.0173) at the 

same time point. However, TPO concentrations decreased in WT mice 1d after PHx, while the 

TPO serum levels of IL-6R-/- mice steadily increased. TPO total protein and gene expression 

profiles as well as serum level analysis demonstrated that TPO was upregulated in IL-6R-/- 

mice already under native conditions, exceeding WT expression levels on protein and RNA 

level after PHx (fig. 42I).  

 

Thus, the sustained upregulated TPO gene and protein expression in IL-6R-/-mice prohibited a 

fast and controlled TPO regulatory mechanism with altered phosphorylation of JAK2 and 

STAT3/5 despite enhanced AMR expression in native IL-6R-/- mice and after PHx.  

 

4.4.3 Extended splenic sequestration and megakaryopoiesis in spleen and bone 

marrow of IL-6R-/- mice  

In the absence of IL-6R, up-regulation of AMR subunits as well as increased TPO serum levels 

were detected compared to WT controls. This together with enhanced platelet counts in IL-6R-

/- mice suggested that megakaryopoiesis will be altered as well. In line with WT controls shown 

above, BM and splenic tissue were analyzed for the number of MKs. Since different platelet 

populations appeared in the blood of IL-6R-/- mice (see fig. 40), splenic sequestration was 

examined as well.  

 

4.4.3.1 Splenic sequestration is enhanced in IL-6R-/- mice 

For a better understanding of megakaryopoiesis in IL-6R-/- mice, spleen weight ratio as well as 

splenic platelet sequestration was analyzed. 

 The analysis of the spleen weight ratio did not show differences between WT and IL-6R-/- 

mice, neither in native mice, nor 1d after PHx (fig. 43A). The analysis of GPXI positive regions 

of the red pulp showed a significant enhanced number of platelets in the spleen suggesting 

enhanced splenic sequestration in native IL-6R-/- mice (WT - native: 16.02 ± 1.6%; IL-6R-/- - 

native: 23.43 ± 1.55%; p = 0.0201). In line with the analysis of PHx in WT mice and the 

respective sham controls above (fig. 36), an upregulation of GPXI fluorescence intensity was 

detected after PHx compared to native controls (WT - native: 16.02 ±1.6%; WT - PHx: 22.96 ± 

1.7%; p = 0.0317). In contrast, IL-6R-/- mice showed also enhanced GPIX fluorescence 

intensity in spleen 1d after PHx (WT - native: 16.02 ± 1.6%; IL-6R-/- - PHx: 25.39 ± 1.19%; 
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p = 0.0030) compared to the native WT controls (fig. 43B+C). However, no differences 

between WT and IL-6R-/- mice could be detected 1d after PHx because no further increase of 

platelet positive staining in the spleen was detected in IL-6R-/- mice after liver injury. 

 
Figure 43. Enhanced platelet sequestration in the spleen of IL-6R-/- mice. Murine splenic tissue from WT and 
IL-6R-/- mice before and after PHX (24 h) were analyzed for platelet sequestration. (A) The calculated spleen weight 
ratio showed no splenomegaly in IL-6R-/- mice. (n = native: 5 WT, 5 IL-6R-/-; PHx: 5 WT, 7 IL-6R-/-). (B) A platelet 
specific marker (GPIX) was used together with DAPI to detect cell nuclei that allows distinguishing between red and 
withe pulp of the spleen. Total GPIX positive fluorescence area [IFGPIX/ µm²] of the red pulp of the spleen sections 
was determined. IL-6R-/- mice show more platelet sequestration into the spleen under native conditions. (n = 5) (C) 
Representative images of the spleen of both groups at indicated time points. * = p < 0.05; tested with ordinary Two-
Way ANOVA with Bonferroni's post-hoc test. Scale bar = 50 µm. 

 

4.4.3.2 Enhanced megakaryopoiesis in IL-6R deficient mice 

To further analyze if the genetic loss of the IL-6R was causally linked to megakaryopoiesis, 

HE-staining of tissue sections of spleen and femur BM was performed to count the number of 

MKs in the hematopoietic tissue of mice.  

Compared to WT, IL-6R deletion accounted for increasing numbers of MKs in spleen tissue 

either before or 1d after PHx (fig. 44A). Additionally, PHx provoked an upregulation of the total 

number of MK’s compared to all other experimental groups (WT - PHx vs. IL-6R-/- - PHx: p < 

0.0001; WT – native vs. IL-6R-/- - PHx: p < 0.0001; IL-6R-/- - native vs. IL-6R-/- - PHx: p = 

0.0286). In BM tissue an enhanced number of MKs per visual field could be detected in native 

IL-6R-/- mice compared to WT controls (p = 0.0347; fig. 44B). After PHx the total number of 

MK’s was unaltered, while only a moderate increase in the WT mice appeared without reaching 

statistical significance. According to the previous data as neither splenic nor BM derived 
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megakaryopoiesis was induced in WT mice 1d after PHx compared to sham controls (compare 

fig. 34 and 35).   

Taken together, increased megakaryopoiesis was observed in the spleen of IL-6R-/- mice 

before and after PHx. In the femoral BM, a slight upregulation of the MKs could be seen, 

although the effects were less pronounced. 

 
Figure 44. Enhanced megakaryopoiesis in the spleen of IL-6R-/- mice before and 1 day after PHx.  Spleen 
and femur from WT and IL-6R-/- mice were dissected and analyzed for megakaryocytes before and after PHx (24h). 
The number of Megakaryocytes (MK) in the spleen (A) and bone marrow (B) of native mice and after PHx was 
evaluated (n = 5 (n = 4) (C) Representative images of spleen and BM of WT and IL-6R mice. Arrows indicate MK’s 
in different regions of the respective tissue. Special characters indicate for differences between time points (#) or 
groups (WT and IL-6R-/-; *); #, * p < 0.05; ##, ** p < 0.01; ###, *** P < 0.001; tested with ordinary Two-Way ANOVA 
with Bonferroni's post-hoc test. 

 

4.4.4 Genetic loss of Asgr2 leads to upregulation of IL-6R gene expression. 

As shown above, the IL-6R had a major impact on platelet count restoration and regulation in 

native mice as well as after liver injury and resection. To date, the AMR is described as a major 

regulator of TPO expression and platelet count regulation while nothing is known about the 

impact of the IL-6R in these processes [77]. Interestingly, the hepatic AMR is composed of two 

subunits, namely Asgr1 and Asgr2 [78]. As the genetic deletion of the IL-6R leads to a 

compensatory upregulation of the AMR, the question arises if the genetic loss of the Asgr2 

subunit, inducing functional loss of the AMR, also accounted for a compensatory upregulation 

of the IL-6R.  
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Therefore, gene expression analysis of whole liver tissue of Asgr2-/- mice was performed, 

revealing significantly increased Il-6r expression by up to 1.75 ± 0.08-fold (p = 0.0131) 

normalized to WT gene induction. Additionally, Tpo expression was elevated to 4.54 ± 1.16-

fold compared to WT mice (p = 0.041). Interestingly, even though functional AMR were 

described to contain ASGR1 and ASGR2 subunits, the expression of the Asgr1 subunit was 

elevated by 3.81 ± 0.93 - fold (p = 0.039) in the liver of Asgr2-/- mice (fig. 45A). Next, protein 

expression and transcription factor activation were investigated to analyze whether the deletion 

of an AMR subunit leads to changes in TPO protein expression. Western blot analysis of whole 

liver tissue lysates demonstrated enhanced TPO protein synthesis in Asgr2-/- mice (p = 0.035) 

(fig. 45B+E). Interestingly, no differences in total protein expression as well as in the 

phosphorylation of either STAT3 or STAT5 could be examined in native Asgr2-/- compared to 

WT mice (fig. 45B-D).  

 
Figure 45. Asgr2-/- mice display higher TPO synthesis. The liver of WT and Asgr2-/- mice was analyzed for gene 
expression and phosphorylation of different transcription factors. (A) Gene expression of different target genes was 
analyzed using the ΔΔCt method (n= 5). GAPDH was used as housekeeping gene. (B) Densiometric analysis 
revealed enhanced TPO expression in the liver of Asgr2-/- mice. (C) Representative immunoblots of total liver cell 
lysates using (C) TPO polyclonal antibody, (D) anti-pSTAT5 + STAT5 and (E) anti-pSTAT3 + anti-STAT3 
monoclonal antibodies. GAPDH served as loading control (n= 5). * = p < 0.05; tested with ordinary Two-Way ANOVA 
with Bonferroni's post-hoc test. 
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4.5 IL-6 trans-signaling induces thrombopoiesis after PHx 

 
It is known that IL-6 induces liver regeneration after 2/3 hepatectomy [149], but administration 

of IL-6 in concentrations exceeding the endogenous levels resulted in a delay of cell cycle 

progression and subsequent reduced liver regeneration [196, 197]. Recent studies revealed 

that IL-6 trans-signaling controls liver regeneration [148] and as previously shown data 

suggest, IL-6R is also involved in thrombopoiesis. Therefore, a focus was set on the effect of 

IL-6 trans-signaling on thrombopoiesis in ongoing analysis, as the recombinant fusion protein 

hIL-6 was used. The fusion protein hIL-6 consists of the sIL-6R and IL-6 that combined mimics 

IL-6 trans-signaling [198]. hIL6 has a 10 times higher bioactivity than IL-6 alone and has a 

longer bioavailability in vivo [199].In the study of Behnke et al it was already shown, that 

administration of hIL-6 results in improved liver regeneration by Ki67 and phospho-H3-staining 

in liver tissue after PHx [173].We administered 20 µg of hIL6 24h pre-operation, while a control 

group only received the same volume PBS.  

 
Figure 46 Pre-operative administration of hyper-IL-6 (hIL-6) leads to enhanced TPO plasma concentrations. 
(A) Platelet counts, (B) red blood cell counts and (C) white blood cell counts of C57Bl6 mice after hyper-IL-6 [20 
µg] administration. Mice undergoing PBS administration served as controls (n = 6). (D) Platelet size was measured 
via flow cytometry using the geometric mean of the FSC signal of GPIb positive platelets 1d after PHx treated with 
or without hyper-IL-6 (n = 6). (E) Plasma concentration of TPO in PBS controls and hyper-IL-6 mice 1d after PHx 
(n = 6). (F) Calculated liver weight ratio of PHx mice after administration of hyper-IL6 or PBS (n = 6). Depicted are 
mean values + s.e.m.; * indicates statistical difference between experimental groups; * = p < 0.05 tested with 
unpaired students t-test. 
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While no difference in platelet, RBC or WBC count could be observed after hIL6 treatment (fig. 

46A-C), enhanced platelet size was measured in hIL-6 treated mice compared to controls 1d 

after PHx (PBS: 21.7 ± 0.49; hIL-6: 23.45 ± 0.3; p = 0.0133; fig. 46D). Additionally, hIL-6 

application induced enhanced TPO plasma levels of 378.3 ± 72.05 pg/mL compared to the 

PBS controls with 138.8 ± 54.57 pg/mL 1 day after PHx (p = 0.0293; fig. 46E). At the same 

time, no difference in the liver weight ratio could be observed 1d after PHx in hIL-6 treated 

mice compared to PBS controls (fig. 46F).  

 

4.5.1 Administration of hyper-IL-6 induces decreased platelet activation 1d after 

PHx. 

While genetic deletion of the IL-6R resulted in higher activation of platelets, it stayed unclear, 

weather IL-6 trans- or classic signaling was the prominent signaling pathway behind enhanced 

platelet activation. To further analyze the effect of IL-6 trans-signaling on platelet activation, 

platelet activation and receptor expression was analyzed.  

Analysis of glycoprotein expression revealed no difference of GPVI, Integrin α5 or β3 

expression. Unexpectedly, a 23.6% reduced GPIbα expression on the platelet surface 1d post 

PHx was measured after hIL-6 treatment (PBS - MFI: 71.53 ± 4.42; hIL-6 MFI: 54.67 ± 3.76; 

p = 0.0157). Platelet degranulation measured via P-selectin exposure showed activation 

defects with intermediate (p = 0.029) and high (p = 0.044) concentrations of CRP, while 

intermediate concentrations of PAR4-peptide resulted in almost no platelet degranulation 

(p = 0.006) in hIL-6 mice compared to PBS controls 1d post PHx. Similar results were obtained, 

after the analysis of αIIbβ3 integrin activation. GPVI mediated integrin activation also showed 

activation defects with intermediate (p = 0.0386) and high (p = 0.022) concentration of CRP, 

while GPCR mediated activation defects were detectable with intermediate levels of PAR-4 

peptide (p = 0.006) as well as combination of the second wave mediators ADP and U46 

(p = 0.034).  

Taken together these results demonstrate, that specific activation of IL-6 trans signaling after 

PHx led to reduced platelet activation compared to control mice, accompanied by decreased 

GPIbα surface expression of platelets.  
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Figure 47 Administration of hIL-6 results in decreased GPIbα expression and reduced platelet activation 1d 
after PHx. hIL-6 was administered 24h before PHx operation [20 µg], while PBS administration served as control 
group. Platelets were analyzed by flow cytometry regarding their specific side scatter (SSC) and forward scatter 
(FSC) profile 1 day after PHx. (A) Expression of indicated glycoproteins on the surface of platelets measured via 
mean fluorescence intensity (MFI) indicate GPIbα deficiency in hIL-6 mice 1d after PHx. (B) Externalization of P-
selectin on the platelet surface with indicated agonists showed reduced degranulation in GPVI and GPCR mediated 
platelet signaling cascades(C) Activation of ⍺IIbβ3 integrin on the platelet surface with indicated agonists showed 
reduced platelet activation after hIL-6 administration 1d after PHx (n = 6).  * = p < 0.05, ** = p < 0.01, tested with 
students unpaired t-test. CRP = collagen-related peptide. 

 

4.5.2 Hyper-IL-6 induces splenic megakaryopoiesis after liver resection 

Since an elevated amount of circulating TPO was found in the plasma of hIL-6 treated mice 

accompanied by increased platelet size 1d after PHx, megakaryopoiesis might be also affected 

by hIL-6 administration. For further analysis HE-staining of femoral BM and splenic tissue 

sections was performed. 

Even though no difference in the spleen weight ratio appeared after PHx in hIL-6 treated mice 

compared to PBS control mice (fig. 48A), an elevated number of MKs was found in splenic 

tissue of hIL-6 treated mice (fig. 48B). In comparison, no difference in the number of MKs in 

the femoral BM could be measured (fig. 48C).  
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Figure 48 Pre-operativ administration of hyper-IL-6 results in enhanced splenic megakaryopoiesis 1d after 
PHx. (A) Calculated spleen weight ratio of PHx mice after administration of hyper-IL6 [20 µg] or PBS (n = 6). (B) 
Number of megakaryocytes in paraffin embedded spleen tissue (n = 6) and (C) BM of the femur (n = 6). (D) 
Representative images from spleen and BM tissue stained with HE. Depicted are mean values + s.e.m.; * indicates 
statistical difference between experimental groups; * = p < 0.05 tested with unpaired students t-test 

 
Overall, these results indicate that the specific induction of IL-6 trans-signaling led to enhanced 

induction of thrombopoiesis after PHx compared to WT – PHx mice, as TPO plasma levels 

increased with subsequent enhanced splenic megakaryopoiesis. However, no difference in 

platelet count could be observed, even though an enhanced platelet size was measured. 

Besides, inhibiting effects of IL-6 trans-signaling on platelet activation could be observed.  
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4.6 Thrombocytopenia leads to delayed liver regeneration  

The mouse model of PHx is used to study the regenerative capacity of the liver. Different 

reports in the past suggested that platelets are involved in liver regeneration, but the underlying 

mechanisms are poorly understood. Platelet derived serotonin stimulates hepatocyte growth 

factor (HGF) biosynthesis [200] to support liver regeneration. Another platelet derived factor 

that is known to stimulate tissue regeneration is SDF-1α [201]. SDF-1α builds up a gradient 

resulting in the invasion of stem cells from the BM into the regenerative tissue. As platelets are 

a major source of SDF-1α in blood, a genetic model of thrombocytopenia and the effects of 

reduced SDF-1α abundance on liver regeneration were investigated.  

 

4.6.1 Chronic thrombocytopenia results in reduced liver regeneration  

As a genetic model of thrombocytopenia, mice lacking the thrombopoietin receptor, also known 

as myeloproliferative leukemia protein (Mpl-/- mice), were used. Genetic deletion of the Mpl 

receptor results in a 90% reduced platelet count [202], as the megakaryocytic growth hormone 

thrombopoietin is unable to induce megakaryopoiesis. As the Mpl receptor is only expressed 

on HSCs, MKs and platelets, a constitutive knock-out is megakaryocyte and platelet specific.   

 

4.6.1.1 Genetic deletion of Mpl receptor results in reduced total blood cell count 

after PHx 

 

To confirm thrombocytopenia in Mpl-/- mice, the total blood cell counts in native mice, 1 and 7 

days after PHx were determined. As expected, native Mpl-/- mice showed a significantly 

reduced platelet count of 99.1 ± 13.1 x 10³ platelets/µL blood compared to WT controls with 

841.8 ± 63.86 x 10³ platelets/µL (Mpl-/- = 11.7% of WT; p < 0.0001; fig. 45A). Early after PHx 

(1d) mild thrombocytopenia was observed in WT mice (compare fig. 18A), while in Mpl-/- mice, 

platelet counts dropped to 52.55 ± 22.93 x 103/µL (Mpl-/- sham) and 56.67 ± 25.06 x 103/µL 

(Mpl-/- PHx) compared to native mice. After 7 days, decreased platelet counts in Mpl-/- sham 

and PHx mice was compensated and normalized to native conditions (fig. 49A). 

RBC counts were not regulated upon genetic deletion of the Mpl receptor under native 

conditions. In contrast to WT mice (9% reduction of RBC counts, compare fig. 18B), a severe 

anemia was observed in Mpl-/- mice 24 h after PHx (RBC count 1d after PHx – WT: 8,24 ± 0,16 

x 106/µL vs. Mpl-/-: 6.21 ± 0.34 x 106/µL; p = 0.0011). While WT mice showed no differences in 

RBC counts 7 days after PHx, a reduction was still detectable in Mpl-/- PHx mice compared to 

their respective sham controls without reaching statistical significance (p = 0.2; fig. 49B) 



Results 

106 
 

Unexpectedly, a difference of 26.7% in the total white blood cell count was examined in native 

Mpl-/- mice compared to WT controls (WT native: 7.59 ± 0.85 x 103/µL; Mpl-/- native: 5.56 ± 

0,43 x 103/µL; p = 0.0341). This difference in WBC count increased after PHx. In Mpl-/- mice 

the WBC count dropped in sham and PHx mice 1 day after operation. WBC counts recovered 

in sham animals to basal levels 7 days after operation. In contrast, prolonged low WBC counts 

were observed in Mpl-/- mice 7 days after PHx. However, no statistically significant difference 

between sham and PHx treated Mpl-/- mice were detected at any time point (fig. 49C).   

 
Figure 49. Mpl-/- mice display thrombocytopenia, leukocytopenia and anemia after PHx. Whole blood from 
WT and Mpl-/- mice before and after PHx (indicated time points) was taken and analyzed with a hematology analyzer 
(Sysmex KN-X21). (A) The analysis of platelet counts revealed thrombocytopenia (11.7% of WT) in native mice and 
after PHx. (B) Severe anemia in Mpl-/- mice 1d after PHx compared to all other groups. (C) Prolonged leukocytopenia 
(73.2% of WT) in Mpl-/- mice after PHx. (n = 8-30 WT; 3-8 Mpl-/-). Colorized asterisks indicate the statistical difference 
in between one genotype, while rhombus indicates the differences between both genotypes.  *, # = p < 0.05, **, ## 
= p < 0.01, ***; ### = p < 0.001;  tested by ordinary Two-Way ANOVA with Bonferroni's post-hoc test. 

 

4.6.1.2 Reduced IL-6 plasma levels in thrombocytopenic mice account for 

reduced liver regeneration  

Different studies provide evidence that platelets are key players in liver regeneration [194]. To 

analyze the effects of thrombocytopenia on liver regeneration, the liver weight ratio was 

calculated between WT (sham + PHx) and Mpl-/- (sham + PHx) mice. The difference in liver 

weight ratio between WT and Mpl-/- mice demonstrated a 19.3% reduction (WT-PHx: 29.21 

± 0.65 vs. Mpl-/- PHx: 23.57 ± 0.77; p = 0.0457) in liver volume 1d after PHx. This delay in liver 

volume could still be determined 7 days after liver resection (PHx - WT vs. PHx - Mpl-/-: 

p = 0.030). Respective Mpl-/- sham controls displayed liver weight ratios comparable to WT 



Results 

107 
 

sham controls (fig. 50A). Additionally, the spleen weight ratio of WT and Mpl-/- mice was 

determined but no difference was measured between WT - PHx and Mpl-/- - PHx animals even 

though a more sever thrombocytopenia developed in Mpl-/- mice. Nevertheless, WT and Mpl-/- 

mice developed a mild splenomegaly compared to their respective sham controls 7 days after 

PHx (WT-sham: 4.42 ± 0.5 g vs. PHx: 6.22 ± 0.59 g; p = 0.0136; Mpl-/-- sham: 4.47 ± 0.57 g 

vs. PHx: 7.81 ± 2.33 g; p = 0.0136; fig. 50B). 

 
Figure 50. Mpl-/- mice develop splenomegaly and show reduced liver regeneration and IL-6 plasma levels 
(A) Calculated liver weight ratio revealed delayed liver mass regeneration between WT and Mpl-/- mice after PHx. 
(B) Analysis of the Spleen weight ratio showed formation of splenomegaly 7 days after PHx in Mpl-/- mice compared 
to respective WT controls. (C) IL-6 plasma levels were measured via ELISA. (n = 3-6). For A and B: Colorized 
asterisks indicate the statistical difference in between one genotype, while rhombus indicates the differences 
between both genotypes. For C: asterisk indicates the difference between indicated groups. *, # = p < 0.05, **, ## 
= p < 0.01 tested by ordinary Two-Way ANOVA with Bonferroni's post-hoc test. 

As previously demonstrated, the acute phase cytokine IL-6 is a major hepato-protective player 

by activating the IL-6R. Therefore, it was of interest if reduced liver regeneration in Mpl-/- mice 

is linked to the IL-6 signaling pathway, as TPO is the natural ligand of the Mpl receptor. As 

expected, IL-6 plasma levels were increased in WT mice 1d after PHx in contrast to their 

respective native (p = 0.0023) and sham (p = 0.0478) controls (fig. 50C). In contrast, reduced 

IL-6 levels were detected in the plasma of Mpl-/- mice compared to WT mice 1d after PHx 

(p = 0.0148). These results provide first evidence that thrombocytopenia leads to reduced IL-

6 plasma levels and affects liver regeneration after PHx. Thus, both the direct platelet effects 

and platelet-induced effects on IL-6 plasma levels might account for delayed liver regeneration.  
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4.6.2 Thrombocytopenia results in reduced plasma SDF-1α concentration after 

partial hepatectomy  

In literature, it is controversially discussed whether liver regeneration is only mediated through 

the proliferation of parenchymal liver cells or if, BM derived stem cells are invading into the 

diseased liver to support regeneration. The stem cell derived factor-1α (SDF-1α), acts as 

chemoattractant that builds up a gradient towards the regenerative tissue and attracts stem 

cells from the BM to the site of injury. To elucidate the impact of platelet derived SDF-1α, the 

SDF-1α plasma concentration of WT mice and Mpl-/- mice was investigated.  

The analysis of WT mice revealed an enhanced SDF-1α plasma concentration of 398.18 ± 

42.84 pg/mL in the primary phase of liver regeneration 1d after PHx compared to sham controls 

with 246.81 ± 28.04 pg/mL (p = 0.0111; fig. 51A). With regard to progressive tissue 

regeneration, the concentration of SDF-1α decreased to normal plasma levels of 247.86 ± 

27.24 pg/mL 3 days after PHx (compared to 1d PHx; p = 0.0219). Upon thrombocytopenia, a 

reduced SDF-1α plasma level of 205.64 ± 11.22 pg/mL could be detected in Mpl-/- mice 

compared to WT mice 1d after PHx (p = 0.0111). Thus, platelets are responsible for the up-

regulation of SDF-1α in the plasma of mice early after PHx, while no differences between WT 

and Mpl-/- were observed in native or sham mice (fig. 51B). Therefore, platelet derived SDF-1α 

might be a supporting factor for liver regeneration after PHx. 

Taken together, reduced liver regeneration in thrombocytopenic mice is accompanied by the 

loss of an SDF-1α gradient early after PHx and reduced IL-6 plasma levels that all might 

account for platelet mediated effects on liver regeneration.  

 
Figure 51. Mpl-/- mice display reduced SDF-1 plasma levels early after PHx. SDF-1 plasma levels were 
measured by ELISA at indicated time points after PHx. (A) within the first 24 h the SDF-1 plasma levels rise 
compared to sham controls and normalize 3 days after PHx. (n = 6-9). (B) SDF-1 levels in the Mpl-/- mice are not 
regulated after PHx. (n = 3-9); * = p < 0.05, ** = p < 0.01 tested ordinary Two-Way ANOVA with Bonferroni's post-
hoc test. 
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5. Discussion  

 

The results of this study reveal that different liver injury models – the cholestatic liver disease 

and liver resection – modulate primary hemostasis involving platelet activation defects 

resulting in mild thrombocytopenia and enhanced bleeding risk in vivo. According to the 

present observations, multiple effects influence platelet activation through increased 

production of inhibitory plasma factors by the vascular endothelium. These factors include for 

instance NO and PGI2, which both induce a strong phosphorylation of platelet VASP. 

Additionally, high plasma levels of BAs, typically parameters of liver disease, affect platelet 

activation of murine and human platelets propagating further inhibition of primary hemostasis. 

The enhanced platelet consumption due to invading platelets in the inflammatory liver tissue 

is thereby encountered by enhanced megakaryopoiesis in the spleen and BM of mice in both 

models. 

Besides, the results of the present study provide strong evidence for a compensatory 

upregulation of TPO signaling in the liver following inflammatory liver disease with reduced 

liver volume. TPO synthesis is mediated through an AMR/IL-6R-JAK2-STAT3 signaling 

pathway to synergistically control TPO hemostasis necessary to compensate the enhanced 

platelet turnover after liver injury. The genetic deletion of the IL-6R or the c-Mpl receptor 

highlight the prominent role of both receptors in maintaining physiological platelet counts after 

liver resection. Furthermore, mice lacking these receptors show diminished or even no liver 

regeneration after PHx emphasizing the importance of platelets in liver regeneration.  

 

 5.1 Bile duct ligation impairs platelet function and propagates 

bleeding risk in vivo  

In this study, total blood cell counts and platelet function 7 days after BDL were analyzed. 

These results were already published in 2017 including the analysis of platelet activation 3 and 

21 days after BDL [203]. To this date, little evidence for mechanisms behind platelet activation 

and primary hemostatic defects were given in cholestatic liver disease [162, 163]. At all 

examined time points defects in platelet function could be measured which resulted in altered 

hemostasis in the first 7 days after BDL. Thrombocytopenia is one aspect often accompanied 

by defective primary hemostasis. Moderately decreased platelet counts are already described 

for patients suffering from liver injury [163]. Possible reasons might be altered levels of TPO, 

an enhanced platelet turn-over or increased splenic platelet sequestration [204-206]. After 

BDL, moderate thrombocytopenia could only be observed within the first 3 days (see table 9). 

Platelet counts reached physiological levels 7 days after BDL, even though platelet activation 
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defects persisted until day 21 which suggests that platelet activation defects are responsible 

for impaired primary hemostasis within the first 7 days after BDL. Enhanced megakaryopoiesis 

in the spleen of BDL mice at day 7 (fig. 6) counteracts thrombocytopenia at early time points 

after BDL that might be due to enhanced sequestration of platelets in the spleen. Additionally, 

increased platelet consumption might be reasonable as platelet aggregates accumulate in the 

sinusoidal space of the diseased liver (fig. 11). A study from Laschke et al provided evidence, 

that after BDL a massive accumulation of platelets in the liver sinusoids occurs that was 

prevented due to platelet depletion with an α-GPIb antibody [165].  

 

5.1.1 Different mechanisms account for decreased platelet activation  

 
Different studies showed that the vascular integrity upon cholestasis is altered, as enhanced 

NO production in endothelial cells through eNOS, as well as enhanced plasma levels of 

prostaglandin were measured in cholestatic patients and after experimental BDL in rodents 

[179, 183]. NO and PGI2 induce platelet inhibition through activation of cAMP and cGMP in 

platelets resulting in enhanced VASP phosphorylation, subsequently inhibiting platelet function 

by reduced αIIbβ3 integrin signaling, and defective calcium mobilization and cytoskeletal 

reorganization [178]. The present study firstly correlates enhanced levels of NO and PGI2 with 

platelet activation defects in the murine model of obstructive cholestasis. Although only a 

moderate increase in PGI2 could be measured 7 days after BDL, significantly enhanced levels 

of the NO metabolites nitrite and nitrate are present in BDL mice 7 days after operation (fig. 

8). These enhanced plasma levels could be causally linked to impaired platelet activation 7 

days after PHx [203]. VASP phosphorylation at Ser157 and Ser236 were enhanced in platelets 

from BDL mice 7 days after induction of cholestasis [203]. Additionally, enhanced levels of 

t-PA and PAP-complexes were measured in mice after BDL (fig. 8). This strongly suggests 

that increased circulating t-PA which induces plasmin activity and enhanced PAP-complexes 

that indirectly reflect plasmin activity [207], might be responsible for increased plasmin plasma 

concentration in BDL mice. Two different mechanisms act synergistically in cholestatic liver 

injury that accounts for enhanced plasma t-PA levels: 1st A diseased liver has a reduced 

hepatic clearance and 2nd biosynthesis of t-PA is enhanced in mice after BDL [208, 209]. In 

agreement with the murine model of BDL, enhanced levels of t-PA are also described for 

patients suffering from liver diseases such as primary biliary cholangitis (PBC) or other liver 

diseases [210, 211]. To this date, the clinical aspects of t-PA upregulation are not investigated, 

but in mice, several studies demonstrated a crucial role of t-PA upregulation in cholestatic liver 

injury. Either inhibition of t-PA or genetic deletion of the physiological inhibitor plasminogen 

activator inhibitor-1 (PAI1) led to severe liver damage [212-214]. Thus, here observed 

upregulation of t-PA might be a protective mechanism after BDL. 
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It is known that high levels of plasmin lead to platelet receptor shedding such as GPIb and 

αIIbβ3 integrin resulting in reduced platelet activation [180, 215]. As stated in Gowert et al, 

platelet receptor shedding of GPs and integrins in BDL mice, provoked by enhanced levels of 

circulating plasmin, are in part responsible for reduced platelet activation measured 7 days 

after BDL [203]. In addition, enhanced VASP phosphorylation 7 days after BDL contributes to 

intrinsic platelet inhibition.  

 

5.1.2 BDL provokes reduced platelet activation in vitro 

 
The aforementioned mechanisms in cholestatic liver disease provoke reduced platelet αIIbβ3 

integrin activation and reduced degranulation measured via P-selectin externalization and 

serotonin release. Interestingly, GPVI induced platelet signaling was almost diminished 

following CRP stimulation, while GPCR stimulation via thrombin or ADP still showed reduced 

platelet responses (fig. 9). Even though these in vitro analyses showed crucial activation 

defects, platelet function after liver disease is still controversially discussed in literature. 

Differences in diverse liver diseases appear to influence platelet activation and platelet-vessel 

wall interaction. In vitro platelet activation studies using platelets from patients with PBC 

provided evidence for a hyperactive state of platelets as increased CD42b and enhanced 

extracellular neoepitopes termed ligand-induced binding sites (LIBS – active integrin αIIbβ3 

binding sites) could be measured via flow cytometry [162, 216]. However, Ingeberg and 

colleagues studied aggregation and ATP release of platelets from PBC patients revealing 

reduced platelet activation upon cholangitis [217]. In addition, enhanced plasma levels of 

soluble GPVI and soluble P-selectin in patients with liver disease were measured [218-220]. 

Both factors are soluble fragments of GPVI (sGPVI) or P-selectin(sP-selectin) that are shed 

from the platelet surface in a metalloproteinase-dependent manner which indicates prior 

platelet activation [218, 219]. This implies an enhanced activation of platelets at an early stage 

of liver failure, resulting in reduced platelet activation with progression of liver disease.  

Moreover, not only results from clinical studies vary in their conclusion on platelet activation 

after cholestatic liver disease. Studies on platelet activation after BDL – mainly performed in 

rats – also differ with regard to Ca2+ mobilization. Atucha et al published different data 

regarding Ca2+ mobilization in rats after BDL. In the latest study regarding platelet activation, 

thrombin stimulation led to enhanced Ca2+ influx in platelets [221]. In contrast, earlier studies 

provided evidence for defective Ca2+ entry and mobilization after BLD in rats [222, 223]. 

Calcium mediated signaling is one main aspect in platelet activation as it controls integrin 

activation, degranulation, and cytoskeletal reorganization [224]. Orai1, a calcium channel 

located at the cell membrane of platelets, is upregulated upon platelet stimulation to modulate 

calcium influx [225]. Additionally, a calcium activated chloride-channel Ano6, is known to 



Discussion 

112 
 

modulate the cytosolic calcium activity [226]. Since almost no platelet activation after GPVI 

stimulation was obtained with platelets of BDL mice, a detailed analysis of GPVI dependent 

calcium signaling would be interesting. In the study of Atucha et al, only thrombin-mediated 

effects were analyzed although calcium signaling is mediated by GPVI as well.  

However, platelet activation defects in mice affect thrombus formation on a collagen matrix ex 

vivo, resulting in prolonged tail bleeding time 7 days after BDL in vivo (fig. 10). In agreement 

with the presented data above, prolonged tail bleeding times in rats undergoing BDL was also 

examined earlier [227]. An additional explanation was stated by Witters et al, suggesting that 

ADP-degrading enzymes are responsible for platelet activation defects after BDL in rats 

leading to reduced platelet aggregation [228]. In contrast to the here presented observations 

(fig. 9), intrinsic platelet activation was unaltered in BDL rats. This might be due to different 

flow cytometric analysis of platelets since platelets in washed whole blood were examined in 

this study while Witters and colleagues used platelets in unwashed platelet rich plasma [228]. 

 

5.1.3 Potential effects of bilirubin on platelet activation in BDL mice 

 
Another elevated plasma factor in mice after cholestatic liver injury is bilirubin. Plasma levels 

of bilirubin were 63 times higher in BDL mice compared to sham controls (see table 9). As it 

was already shown that bilirubin triggers erythrocyte death resulting in anemia 21 days after 

BDL in mice, it is tempting to speculate that high levels of bilirubin are responsible for the 

decrease in erythrocyte numbers 7 days after BDL (figure 7)  [229]. This should be assessed 

rather critically, as the RBC counts on day 1 and day 7 of the BDL sham controls vary too 

much compared to the RBC counts of the PHx surgery series sham controls (comparison of 

sham mice in PHx (fig. 18)). Since the sham operation for PHx and BDL is performed using 

the same procedure, there should be no differences in the total blood cell counts. Nevertheless, 

patients suffering from Gilbert’s syndrome (GS) are protected against cardiovascular diseases 

[230]. A clinical symptom of GS is hyperbilirubinemia and therefore bilirubin is discussed as an 

antithrombotic agent. This assumption is strengthened by a study from Kundur et al who 

recently detected reduced platelet activation upon ADP stimulation in GS patients [231]. 

Additionally, bilirubin inhibits platelet activation and increases the antioxidant status that may 

also play a role in cholestatic liver disease [230, 232]. These findings suggest that bilirubin 

might influence platelet activation upon BDL in mice as well. However, further studies are 

needed to further elucidate the role of bilirubin in platelet activation and hemostasis.  

Overall, the findings in the presented study reveal that mild thrombocytopenia develops after 

BDL in mice. However, thrombocytopenia is accompanied by severe platelet activation defects 

that are not only due to thrombocytopenia but also to elevated plasma factors known to inhibit 

platelet activation. Platelet activation defects are provoked by a dual system of intrinsic and 
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extrinsic platelet inhibition. Enhanced plasma levels of PGI2 and NO mediate intrinsic platelet 

inhibition through the phosphorylation of VASP. Extrinsic platelet inhibition is caused by 

enhanced levels of t-PA and plasmin that facilitate platelet receptor shedding that all led to 

reduced thrombus formation 7 days after BDL. Furthermore, enhanced platelet accumulation 

in the diseased liver is observed due to hepatic platelet consumption after BDL. Taken 

together, cholestatic liver disease promotes platelet activation defects leading to diminished 

thrombus formation ex vivo and severe hemostatic defects in vivo.  

 

5.2 Bile acids as a modulator of platelet activity 

 
A factor that is steadily increased upon cholestatic liver disease is the total BA concentration 

in the blood. To this date, clear evidence of the influence of BAs on platelet activation is 

missing. Aggregation studies of platelets drawn from bile duct ligated rats and patients 

suffering from cirrhosis indicate that BAs affect platelet activation [233, 234]. However, in the 

study of Gowert et al, slightly reduced αIIbβ3 integrin activation and P-selectin exposure after 

GPVI stimulation could be observed while an upregulation of P-selectin with high thrombin 

concentration was observed in cholic acid fed mice [203]. Hence, no decreased thrombus 

formation under flow could be observed in these mice. This discrepancy might be due to a 

reduced total BA concentration in cholic acid fed mice (329 µmol/L) compared to mice 7 days 

after BDL (Sham 5.7 µmol/L vs. BDL 1.252 µmol/L after 7 days) [181]. Moreover, in a study 

from 2017, it was shown that BAs do not contribute to altered calcium hemostasis of platelets 

from rats with biliary cirrhosis, even though stimulation with the unconjugated BAs CA and 

DCA modulated calcium influx and store release of rat platelets [235].   

The analysis of serum BA composition of WT mice revealed that taurine conjugation (fig. 12) 

of BAs is predominant in mice, speculating a higher importance of those BAs in the modulation 

of platelet activation. In 2016, it was published that the soluble BA receptor FXR is expressed 

in platelets and modulates platelet activation through upregulation of cGMP and subsequent 

phosphorylation of VASPS239 resulting in diminished αIIbβ3 integrin signaling and thrombus 

formation under flow [236]. Therefore, it is tempting to speculate that also other BA receptors 

are expressed in platelets that may alter primary hemostasis upon high BA plasma levels. The 

authors only used a synthetic active agonist to stimulate the FXR and only moderate defects 

with the unconjugated BA CDCA [300µM] were observed in aggregometry studies[237]. It is 

possible that after BDL another receptor, such as the TGR5, might play a role in BA induced 

modulation of platelet activation because the TGR5 exhibits a higher affinity for taurine-

conjugated BAs [238]. Moreover, integrin outside-in signaling defect was observed in human 

(fig. 17) and murine (fig. 14) platelet adhesion on a fibrinogen matrix after pre-incubation with 

taurine-conjugated BAs. Additionally, a reduced αIIbβ3 integrin activation after GPVI stimulation 
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1 (fig. 15) and 6 h (fig. 16) after pre-incubation of platelets with BAs was observed in flow 

cytometric studies. A reduced integrin outside-in signaling was also shown by Moraes et al 

resulting in reduced filopodia and lamellipodia formation which is congruent with the reduced 

adhesion presented in this study [236].   

Interestingly, it was shown that incubation of platelets with BAs also leads to platelet swelling 

[239], which was observed after FXR stimulation [237]. Different pathophysiological conditions 

involved in glucose metabolism are also characterized by enhanced BA serum levels like 

hyperlipidemia, obesity or type 2 diabetes mellitus in humans [240-242]. In the clinical picture 

of these diseases, enhanced BA concentrations accompanied by platelet swelling were 

observed. Indeed, the mean platelet volume is also a clinical tool to discriminate the severity 

of PBC patients [243, 244]. Thus, it would be of utmost interest to study the influence of BDL, 

cholic acid feeding of mice and BA treatment of platelets on the mean platelet volume and the 

associated signaling of platelets.  

Overall, reduced integrin signaling is observed 7 days after BDL. Furthermore, reduced 

adhesion of platelets on fibrinogen that were pre-incubated with different BAs was observed 

suggesting BA induced integrin inside-out and outside-in defects. However, enhanced P-

selectin exposure of platelets pre-treated with BAs following thrombin stimulation was also 

observed. These findings of P-selectin exposure and integrin activation were confirmed in 

cholic acid fed mice by Gowert et al [203]. These contradictory results suggest a dual role of 

BAs on the regulation of platelet signaling that leads to the enhanced generation of coated 

platelets. Further studies of the FXR receptor revealed an induction of coated platelets as P-

selectin and PS-exposure are enhanced due to specific FXR stimulation. Coated platelets are 

defined by the retention of proteins in α-granules, enhanced PS-exposure and an abnormal 

αIIbβ3 integrin affinity to fibrinogen exceeding the affinity for the αIIbβ3 integrin specific 

monoclonal antibody PAC-1 [50, 245]. Additionally, closure of αIIbβ3 integrin is described in 

coated platelets resulting in significantly reduced platelet activation by various stimuli [246, 

247]. In literature, it is speculated that after an initial activation peak, a calpain-mediated 

inactivation of the αIIbβ3 integrin takes place [248]. Based on these findings, the authors 

speculate that FXR stimulation leads to the generation of pro-coagulant active platelets while 

the part of aggregatory platelets is reduced [246]. This BA mediated shift in platelet population 

suggested an inhibitory effect on platelet activation due to reduced αIIbβ3 integrin activation, 

although this is only a modulation of platelet function within thrombus formation.  

Taken together, the notion of BA induced formation of coated platelets would also fit to 

observed effects of impaired αIIbβ3 integrin signaling and enhanced P-selectin exposure after 

BA treatment of platelets in the present study. Additionally, different results obtained from 

platelets of experimental cirrhosis in rodents or cirrhotic patients could be explained if BAs 

might be also responsible for decreased aggregation due to diminished αIIbβ3 integrin signaling 
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but preserve an enhanced pro-coagulant surface. However, it will be of great importance to 

further elucidate the specific signaling cascades following BA mediated modulation of platelet 

activation. In several studies the concentrations of BA receptor agonists (synthetic active or 

natural) vary from µM to mM range, even though BAs are able to induce platelet membrane 

degradation [239]. Therefore, results obtained with a concentration in the mM range seem to 

be overpowered, as e.g., the binding affinities for BAs to their respective receptor FXR or TGR5 

are in µM range, as used in this thesis [181, 249]. Moreover, the results differ from the used 

BA receptor agonist and concentrations, speculating that different BA receptors are involved 

in platelet signaling.  

 

5.3 Diminished platelet activation and bleeding risk in mice with 

partial hepatectomy 

As already shown for cholestatic liver injury, liver resection is accompanied by 

thrombocytopenia as well. Several studies describe a reduced platelet count in patients after 

liver resection predicting a poor patient outcome. In the murine model of PHx, 

thrombocytopenia is detected and characterized by enhanced platelet size within the first day 

after liver resection, accompanied by a mild anemia (fig.18). However, the enhanced platelet 

size persists until day 3, while blood cell counts normalize. In further progression, reduced 

blood cell counts are fully restored and platelet swelling disappears with progressive liver 

regeneration. At the same time, decreased platelet degranulation due to reduced P-selectin 

exposure and reduced externalization and activation of αIIbβ3 integrin are observed. This in 

vitro platelet activation defects persist 3 days after PHx, speculating that hemostatic defects 

are due to low platelet counts and defective platelet activation. 

 

5.3.1 Enhanced VASP phosphorylation in platelets upon liver resection  

In accordance with cholestatic liver injury, enhanced plasma levels of PGI2 and the NO 

metabolites nitrite and nitrate were measured 1 day after PHx. These plasma factors induce 

the phosphorylation of VASP at Ser157 and Ser236 as shown by Western blot analysis (fig. 26 + 

fig.27). To this point, evidence for the upregulation and hepatoprotective effects of plasma NO 

and prostacyclin after PHx in rodents were given [250-252]. Yet, this is the first report to 

causally link these enhanced levels of NO and PGI2 to reduced platelet activation. Per se 

platelets show no enhanced VASP phosphorylation, but an additional stimulus with the NO 

analogue SNP or PGI2 led to a significant increase in VASP phosphorylation. This suggests 

that platelets from PHx mice react more sensitively to inhibitory stimuli. In 2000, a study in pigs 

revealed that plasma levels of PGE and PGI2 as measured in blood drawn from the hepatic 
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vein, were enhanced directly after PHx, while blood taken from the periphery showed a 

significantly decreased level of prostaglandins [253]. Interestingly, it was already shown, that 

enhanced production of NO via eNOS takes place in the remnant liver tissue, while no 

differences could be observed in other tissues after PHx [253]. Detailed analysis of 

prostaglandin plasma levels and eNOS activity revealed that NO production peaks already 1 

h after hepatectomy while prostaglandin peaks after 3 h [253-255]. Both factors thereby show 

a biphasic and higher peak 6-10 h after PHx. NO is only produced locally in the remnant liver 

as NO has modulating properties regarding the orchestration of hepatocyte cell cycle after PHx 

[256]. Therefore, it is tempting to speculate that platelet activation defects are the most 

prominent immediately after their passage through the liver. The platelet activation defects 

measured in this work were measured in peripheral blood. Accordingly, it would be useful to 

draw blood from the hepatic vein to further investigate this aspect. Beside NO and PGI2, t-PA 

and plasmin plasma levels were elevated after cholestatic liver injury. Since no platelet 

receptor shedding could be detected after PHx, no evidence for enhanced plasmin activity 

affecting platelet activation was given. However, it is known that t-PA and urikinase-

plasminogen activator (u-PA) levels increase dramatically after PHx to activate single chain 

hepatocyte growth factor (HGF) stored in the ECM of liver tissue [257]. This might also induce 

plasmin conversion, which is an indicator for hypercoagulability. An additional factor which 

influences secondary hemostasis and platelet activity is tissue factor. It was shown that 

hepatocytes produce enhanced tissue factor after PHx, which induces conversion of 

prothrombin to thrombin [258]. Thrombin is a strong platelet agonist that also indicates 

enhanced coagulation.  

Overall, it might be possible that primary hemostasis is locally inhibited in the liver to regulate 

platelet activation in the remnant liver. This notion is supported by the analysis of VASP 

phosphorylation of peripherally obtained platelets, as it shows differences only after stimulation 

with the platelet antagonists NO and PGI2 (fig.24+26). 

 

5.3.2 Role of bile acids on platelet activation after PHx 

After cholestatic liver injury, a bile stasis occurs that modulates platelet activation as already 

described under 5.1. Analysis of the serum BA composition highlighted a significantly 

enhanced concentration of total BAs at day 1 and 3 (without reaching statistical significance) 

after PHx compared to sham mice (fig. 28). Different studies already highlighted the importance 

of BAs in the regulation of liver regeneration after PHx through the two BA receptors FXR and 

TGR5 [259]. Whereas an enhanced level of bile salts was found already after 1 hour in the 

remnant liver tissue, the serum BA concentration peaks 24 h after PHx [260, 261]. This 

increased bile salt content allows the activation of FXR and TGR5 in the liver [259]. The here 
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presented results strongly suggest that platelets are influenced by the rising BA concentration 

early after PHx. As the BA concentration is elevated up to 3 days after PHx, decreased 

activation of αIIbβ3 integrin signaling might be explained by elevated BA concentrations 

because plasma levels of NO and PGI2 were already reduced at that time point (fig. 25). As 

already described above, platelet swelling due to the activation of the BA receptor FXR was 

observed by Unsworth and colleagues [237] (see section 5.2). An enhanced platelet size was 

measured up to 3 days after PHx, whereas an enhanced number of Thiazole Orange 

(TO)-positive platelets was found only 7 days after PHx (fig. 29). Platelet size and RNA-content 

are usually a tool to discriminate between young and old platelets [262-264]. To distinguish 

whether platelet size is related to platelet age, it is also important to consider the fact that 

platelet size might be influenced by stimulation with BAs. As BA lead to platelet swelling under 

native conditions [237], it would be also conceivable that FXR activation affects platelet size 

after PHx. Therefore, size differentiation after liver resection probably can no longer be used 

to distinguish between young and old platelets. 

This would again explain that despite the increase in platelet size, no change in the number of 

newly formed, young platelets can be measured with the TO staining shortly after PHx. 

Nonetheless, BAs modulate platelet activation leading to reduced platelet activation, while no 

differences in Annexin V binding could be observed 1 day after PHx. Therefore, a supporting 

effect of BA on coagulation after PHx remains speculative and should be analyzed in near 

future.  

5.3.3 Platelet activation defects after partial hepatectomy lead to bleeding risk 

in vivo  

Mice show platelet activation defects 1 and 3 days after PHx. Notably, GPVI mediated signaling 

was impaired at both time points with respect to both activation markers tested – P-selectin 

exposure and αIIbβ3 integrin activation. However, enhanced expression of β3 integrin was 

measured 3 days after PHx. Additionally, enhanced active αIIbβ3 integrin was measured at the 

surface of resting platelets 3 days after PHx despite agonist mediated activation defects. It is 

possible that an upregulation of the active αIIbβ3 integrin is mediated due to an increased 

number of newly formed platelets. Newly formed platelets display a greater response to 

stimulation with agonists and display enhanced receptor expression [262]. This notion is further 

supported by the fact that 3 days after PHx the mild thrombocytopenia is negotiated, and 

enhanced expression of various platelet receptors except for GPVI is measured at the platelet 

surface (fig. 21). The defects 1 day after PHx resulted in reduced thrombus formation under 

flow and a prolonged tail bleeding time, while no defects in the occlusion of the carotid artery 

after vessel injury were observed (fig. 20). Patients suffering from liver resection show a 

bleeding tendency and altered coagulation, considering that a reduced hepatic clearance takes 
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place due to the reduced remnant liver mass. Additionally, thrombotic events like pulmonary 

embolism or portal vein thrombosis are described [265-267], that are further supported by a 

dysfunction of the vWF regulating metalloprotease ADAMTS13 [268]. One example of the 

described effects is that also an enhanced concentration of circulating vWF factor could be 

measured 1 day after PHx accompanied by enhanced vWF binding to platelets, even though 

no difference after agonist stimulation was obtained (fig. 30).  

Taken together, this implies a variety of different hemostatic factors that are either up or down 

regulated in a compensatory manner following liver resection. If this compensation system is 

deregulated, a prothrombotic or bleeding phenotype may occur. Interestingly 3 days after PHx, 

prolonged tail bleeding time was observed. Yet, two different populations seem to develop. 

One half of the mice show longer bleeding defects than 1 day after PHx, while the other half 

shows no bleeding tendency at all. Moreover, 3 days after liver resection, the activation defects 

measured in platelets are converted into reduced thrombus formation at an arterial shear rate 

of 1000s-1 [269], while GPIb-V-XI dependent platelet adhesion [270] and thrombus formation 

at 1700s-1 is unaffected (fig. 23). This highlights that particularly GPVI signaling of platelets is 

affected after liver injury as similar defects of CRP mediated GPVI signaling were observed in 

platelets from cholestatic mice. One potential driver of thrombo-inflammation described in 

literature is the collagen receptor GPVI [271]. A study from Bender et al showed, that GPVI 

deficient mice establish deep vein thrombosis subsequently leading to enhanced lung 

embolism [272]. As hepatic vein thrombosis and lung embolism are also associated with liver 

resection [265-267], one could speculate an influence of GPVI signaling after liver resection. 

These results from literature, compared to the severe GPVI mediated activation defects upon 

liver inflammation that are presented in this study, highlight an enhanced role of thrombo-

inflammation events after liver injury. GPVI-mediated thrombo-inflammation events occur due 

to interaction of platelets and immune cells. In this manner, integrin signaling has only a 

subservient role [271]. However, to further elucidate the role of thrombo-inflammation in liver 

diseases, detailed analysis is required. 

 

5.3.4 Platelet activation correlates with phases of liver regeneration 

 
Overall, this study provides evidence that a reduced hemostasis is mediated by plasmatic 

inhibition of platelets 1d after PHx. At the same time an increased appearance of platelet 

aggregates is detected as an enhanced number of GPIb positive platelets were measured in 

the regenerating liver (fig. 30). 

Several studies indicate that platelets tend to be highly activated directly by ECM proteins after 

PHx. Fibrin(ogen)-mediated integrin signaling plays a critical role in hepatic regeneration after 

PHx in mice [273]. Platelets accumulate due to elevated fibrinogen deposition in the 
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regenerating liver emphasizing that platelets are directly activated and localized in the 

regenerating liver shortly after liver resection [274]. Additionally, Kirschbaum et al showed that 

vWF mediated platelet accumulation in the remnant liver propagates liver regeneration within 

the first two hours after hepatectomy [275]. Interestingly, enhanced binding of vWF on isolated 

platelets of PHx mice was measured 1d after PHx accompanied by enhanced levels of plasma 

vWF (fig. 30). However, a reduced hemostasis was still predominant 1d after PHx. Thus, 

platelet inhibition through plasma factors exceeds vWF mediated adhesion effects of platelets 

1 d after PHx resulting in reduced hemostasis. Besides fibrinogen and vWF, podoplanin is also 

important for liver regeneration. The physiological ligand for podoplanin, the C-type lectin 

receptor-2 (CLEC-2) on the platelet surface was also observed to be hepatoprotective. Kono 

et al. observed an upregulation of podoplanin in the regenerating liver tissue 6h after PHx and 

a reduced number of platelet aggregates in the remnant liver in CLEC-2-deficient mice 

accompanied by reduced liver regeneration [276]. Besides platelets adhesion, other cell types 

known to be important for liver regeneration might be recruited to the regenerative liver by a 

remodeled ECM. For instance, liver regeneration is dependent on interaction of the ECM and 

αMβ2 integrin on leucocytes as implied by studies with acetaminophen overdose which is 

accompanied by leucopenia leading to reduced liver regeneration after PHx [277, 278]. It is 

convincing that the ECM of the remnant liver promotes interaction of platelets and leucocytes 

since evidence in other liver repair models were already given [279]. 

 

The liver regeneration is divided in three merging stages: the priming phase (first 6 h), the 

proliferative phase (6-72 h after PHx) and the termination phase (72 h after PHx until a fully 

regenerated liver mass) [280]. Within the priming phase ECM remodeling in the remnant liver 

takes place, accompanied by the activation of TNF-α and IL-6 signaling resulting in 

upregulation of growth factors [280]. Besides the already described effects of the ECM after 

PHx on platelet activation, other aspects support increased platelet activation according to 

literature. For instance, platelet derived serotonin and sphigonsine-1 phosphate (S1P), 

released by α- and dense granules after platelet activation promote liver regeneration [200, 

281]. Kirschbaum et al, also proved that enhanced PS exposure of platelets activates 

hepatocytes to ‘phagocyte’ platelets, initiating a horizontal mRNA transfer resulting in 

hepatocyte proliferation in vitro and in vivo [187]. In the study of Kirschbaum et al, this effect 

was shown only 1 h after PHx, whereas later time points were not investigated. In this thesis, 

no difference in PS exposure could be measured 1d after PHx (fig. 29). The positive effects of 

platelets on liver regeneration described in the literature have all been shown in the priming 

phase of liver regeneration. With the entrance of the proliferative phase, several platelet 

inhibitors such as NO, PGI2 and BAs increase in the plasma of PHx mice (see 5.3.1+5.3.2). 

This indicates that platelet activation is necessary for the priming of liver regeneration within 
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the first hours after PHx. This fact is further strengthened as induced thrombocytosis is 

hepatoprotective in the otherwise lethal model of 90% hepatectomy [282]. This enhanced 

platelet activation further supports the hypothesis of enhanced platelet consumption after PHx.  

Thus, enhanced platelet consumption eventually accounts for thrombocytopenia measured 1d 

after PHx (fig. 18). Afterwards in the proliferative phase of liver cells, platelet activation is 

reduced as clearly shown in this thesis resulting in reduced hemostasis. With the transition to 

the termination phase, platelet activation normalizes, resulting in an unaltered hemostasis.  

To summarize the discussed aspects, platelet activation and hemostasis correlate with the 

phases of liver regeneration. However, to further investigate this hypothesis platelet activation 

assays within in the priming phase of liver regeneration (1 and 3 hours) are needed.  

 
 

5.4 The crucial role of IL-6R and AMR in TPO regulation and platelet 

biogenesis 

Mild thrombocytopenia was detected in mice after PHx. Within the progression of various liver 

diseases, thrombocytopenia is often a clinical factor predicting a poor prognosis for patients 

[283]. Multiple reasons account for thrombocytopenia in liver disease. A reduced amount of 

TPO in cirrhotic patients might lead to reduced platelet counts, but also enhanced platelet 

consumption in the diseased liver was observed. Another important factor is hypersplenism, 

accompanied by enhanced platelet sequestration into the spleen that induces 

thrombocytopenia [194]. In all these examples, TPO synthesis, megakaryopoiesis and platelet 

turnover appear to be affected. Notably, a time dependent shift in the platelet populations 

(annexinV -, lectin, TO-positive platelets) was measured after liver resection. Reduced amount 

of Annexin V positive platelets was observed with a simultaneously increased fraction of 

reticulated (RNA-positive) platelets 7 days after PHx (fig. 29). The enhanced number of 

reticulated platelets indicates enhanced platelet turnover, since only platelets younger than 24 

h are positive for TO staining [188]. Furthermore, the simultaneously reduced Annexin V 

positive platelets 7 days after PHx indicate improved senescent platelet clearance due to 

macrophage scavenger receptors rather than PS exposure due to platelet activation defects. 

Platelets have different pathways to induce the exposure of PS. One pathway is induced by 

platelet stimulation that leads to rapid PS exposure for a pro-coagulant active surface, while 

another one is induced via apoptotic signaling pathways through mitochondria [284, 285]. In 

the second mentioned pathway the PS exposure takes hours. As no elevated in vitro platelet 

activation was measured 7 days after PHx, increased platelet apoptosis must be considered, 

since reduced PS exposure was measured 7 days after PHx (fig. 23). In contrary, lectin binding 

of platelets revealed a reduced fraction of lectin positive platelets 1 day after PHx, but an 

enhanced amount of lectin positive platelets 7 days after PHx. Interestingly, studies showed 
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enhanced neuraminidase activity 18 h (for membrane-bound neuraminidase) and 24 h (for 

soluble neuraminidase) after PHx in the rat liver [286]. Interestingly, different results were 

obtained in this study, after the examination of the Neu-1 plasma activity in mice (fig 30). 

However, only plasma activity and not membrane bound activity of Neu-1 was measured. It 

might be possible that this increase in neuraminidase activity described in literature for 

membrane-bound Neu-1 mediates the dissociation of the sialic acid moiety on platelet GPs to 

stimulate platelet consumption through binding of platelets to hepatocytes via the hepatic lectin 

receptor, the AMR. Additionally, platelets are a source for glycosyltransferases themselves 

that induce glycan remodeling after platelet activation [185]. Indeed, an enhanced expression 

of Neu-1 was measured on the surface of platelets after stimulation with various agonists and 

also by simulating enhanced shear stress (fig. 30).  

Even though liver resection resulted in an enhanced platelet expression of Neu-1, experiments 

with botrocetin also revealed Neu-1 externalization defects after PHx. As an enhanced shear 

stress is associated with liver regeneration as portal hypertension develops [190], lectin 

binding is influenced in an autocrine manner by platelet degranulation. Thus, reduced platelet 

activation early after PHx might also result in reduced neuraminidase exposure. This would in 

turn account for the reduced number of desialylated platelets in the circulation of PHx mice 

suggesting that shear stress induced vWF binding at least partially contributes to reduced lectin 

positive platelets that were detected after PHx. 

However, an enhanced number of platelets was observed 1d after PHx in the remnant liver 

tissue (fig. 31). The effect of glycan dependent platelet receptor binding might also account for 

consumption of lectin positive platelets from the blood due to a “adhesion” mechanism. Thus, 

reducing the number of lectin-positive platelets in the blood, even though platelet degranulation 

and subsequent Neu-1 externalization is inhibited due to NO and PGI2 1d after PHx. The 

enhanced fraction of lectin and TO positive platelets 7 days after PHx might be caused by 

enhanced platelet turnover. Firstly, platelet clearance of PS-positive platelet increases the 

numerical amount of lectin positive platelet in the blood. Secondly, an enhanced platelet turn-

over facilitates enhanced senescence of platelets, leading to increased amounts of lectin 

binding sites and enhanced PS-exposure [184]. An excessive platelet turn-over is also 

accompanied by increased platelet sequestration into the spleen, as Stritt et al. proved in 

Twf2a-/- mice with enhanced platelet turn-over [287]. In addition to moderate splenomegaly, 

increased platelet sequestration was observed, accompanied by changes in lectin-, annexin 

V- and TO-positive platelet populations 7 days after PHx (fig. 36).  

The hypothesis of enhanced platelet turn-over after liver resection is supported by the 

upregulation of TPO biosynthesis and the signaling cascade regulating TPO generation, as 

TPO is primarily generated in liver tissue [288]. On the one hand upregulation of the AMR 

subunits Asgr1 and Asgr2 in a biphasic manner appears after PHx. On the other hand, Il-6r 
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transcription is enhanced 6 h after PHx (fig. 32). It was firstly shown in 2015, that TPO is 

regulated via hepatic AMR stimulation leading to an activation of the JAK2/STAT3 signaling 

cascade in hepatocytes. Glycoprotein receptors like GPIb are desialylated on the platelet 

surface [289]. Thus, desialylated glycoproteins on platelets bind at the surface of hepatocytes 

to the AMR, activating a signaling cascade via phosphorylation of JAK2 and subsequent 

activation of the transcription factor STAT3. This in turn induces gene expression of Tpo [77]. 

However, this effect only observed in healthy mice might be even accelerated after an 

inflammatory stimulus like the liver resection.  

Several studies showed that IL-6 also influences TPO plasma levels, as IL-6 perfusion into 

mice or administration of IL-6 to cancer patients lead to enhanced platelet counts [87, 195]. 

Which cells of the liver account for enhanced TPO regeneration remained unclear. As 

mentioned above, Grazosky et at postulated, that desialylated platelets directly bind to the 

hepatocytic membrane inducing TPO generation through the AMR [77]. Deppermann et al 

recently postulated that desialylated platelet clearance is mediated through KCs in the liver 

[290]. The macrophage galactose lectin receptor (MGL) and the ASGR1 subunit form a 

functional receptor that mediates platelet clearance. In this study, direct interaction of platelets 

and hepatocytes are doubted, as platelets were too big in size to get in direct cell contact with 

hepatocytes through the fenestrae of LSECs. Nonetheless, the debate about size of fenestrae 

needs to be elucidated more extensively than in the study of Deppermann et al. They 

discussed only one size of fenestrae of LSECs, but is it known, that depending on the area of 

the liver lobule fenestrae size and number is varying [291]. Additionally, larger and even more 

fenestrae form after PHx due to portal hypertension induced shear stress on the 

endothelium[292]. Braet et al also showed that microvilli from parenchymal cells protrude 

through the fenestrae. The measured platelet size in this study again correlates to fenestrae 

size (see EM images in Braet et al  [292]). Thus, it might be possible, that at least after liver 

dissection, a direct cell-cell contact of platelets and hepatocytes is enabled.  

 

So far, platelet clearance in the liver and TPO generation was examined only under steady 

state conditions while nothing is known about the mechanism responsible for TPO generation 

upon inflammation or liver resection. After PHx, inflammatory stimuli like IL-6 and TGF-β1 

mediated signaling are predominant [146]. Based on the results here, it remains unclear which 

cells mediate platelet clearance through AMR in the liver, even though hepatocytes and KCs 

might act synergistically after PHx. Gene expression analysis revealed a first peak of Il-6r and 

Asgr1 expression 6 h after PHx, which might suggest a KC mediated platelet consumption. 

The second, biphasic peak is measured 3 days after PHx that is accompanied by an 

upregulation of both subunits of the AMR, which might account for a mainly hepatocytic driven 

platelet clearance. The biphasic expression of Tpo 6 h and 3 days after PHx, might be 
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explained by different signaling events that occur between different cells upon the progression 

of liver regeneration.  

However, after liver resection TPO biosynthesis is enhanced up to 3 days after PHx as TPO 

generation and plasma concentration rise (fig. 32). According to literature, enhanced levels of 

plasma TPO also occur after minor liver resection [293]. The present study provides strong 

evidence that the remnant liver produces enhanced amounts of TPO due to synergistic 

interaction of desialylated platelets that stimulate the AMR, and IL-6 mediated IL-6R 

stimulation that both induce JAK2 and STAT3 signaling (fig. 33). Enhanced phosphorylation of 

STAT3 is measured only 24 h after PHx in WT mice that does not account for enhanced TPO 

generation after 3 days. Different studies observed a peak of STAT3 phosphorylation and IL-

6 plasma levels after 6 h and 48 h after operation [273, 294]. Interestingly, platelets may 

influence both pathways to induce STAT3 activation. Recently, the first in vivo evidence was 

given that platelets directly interact with LSECs to stimulate IL-6 secretion, which in turn 

induces HGF secretion [295]. Additionally, studies from Marta et al provide evidence that 

platelets release the soluble form of the IL-6R upon activation [85]. Thus, immediately after 

liver resection, it might be possible that sIL-6R is released by platelets to induce trans-signaling 

on hepatocytes to support IL-6R induced TPO generation [296]. Trans-signaling was found to 

be the crucial signaling pathway that controls liver regeneration [148]. The upregulation of TPO 

in plasma of PHx mice resulted in enhanced megakaryopoiesis in the BM of these mice. 

Besides, as mentioned above, moderate splenomegaly was examined 7 days after liver 

resection because of TPO mediated megakaryopoiesis in the spleen of PHx mice (fig. 34). 

Altogether, an enhanced platelet turn-over was detected after liver resection in mice 

accompanied by an upregulation of IL-6R and AMR dependent signaling pathways inducing 

JAK2-STAT3 phosphorylation. This leads to enhanced TPO generation to stimulate 

megakaryopoiesis in the spleen and in BM. Taken together, this is the first report how the acute 

phase cytokine receptor IL-6R is directly involved in the modulation of platelet counts to 

overcome thrombocytopenia upon inflammation in liver disease. These identified processes 

are summarized in fig. 52.  
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Figure 52. Thrombopoietin biogenesis and platelet formation after PHx. (A) After liver resection platelets are 
desialylated and enter the space of Disse through enlarged LSEC fenestrae to directly bind to the Ashwell-Morell 
Receptor (Asgr1/Asgr2). Simultaneously, platelets get activated and induce IL-6 secretion either due to direct 
binding at KCs or due to the release of stimuli for LSECs that subsequently release IL-6. IL-6 binds to the IL-6R 
receptor at the hepatocyte membrane. Both receptors, AMR andIL-6R, induce JAK2-STAT3 phosphorylation 
resulting in Tpo transcription and subsequent TPO release into the blood. (B) In the liver produced TPO enters the 
vascular system and initiates megakaryopoiesis in the enlarged spleen (splenomegaly) and the bone marrow. TPO 
binding to the Mpl receptor on the surface of megakaryocytes promotes platelet formation at MK protrusions into 
the vascular system. KC = Kupffer cell, LSEC = liver sinusoidal endothelial cell, TPO = Thrombopoietin, MK = 
megakaryocyte   
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5.5 IL-6R deficiency induces enhanced platelet turn over and 

platelet hyper reactivity 

 

5.5.1 IL-6R is involved in platelet turn over and platelet activation 

To further elucidate the importance of IL-6R signaling after liver dissection, IL-6R deficient mice 

were examined. Interestingly, IL-6R-/- mice had an increased platelet count under steady state 

conditions but showed severe thrombocytopenia 1 day after PHx accompanied by a reduced 

liver regeneration compared to WT (fig. 37A). In fact, liver regeneration seems to be positively 

correlated with the platelet count in IL-6R-/- mice (fig. 37E). IL-6R signaling directly stimulates 

HGF synthesis, thus it is obvious that HGF and TPO correlate with the amount of reticulated 

platelets after liver cirrhosis considering the crucial role of IL-6R in TPO biosynthesis [297]. 

Mice with enhanced platelet turn-over show characteristics like enhanced platelet size, platelet 

sequestration in the spleen and hyper reactivity of platelets [287]. In a steady state system, 

IL-6R-/- platelets also show enhanced activation with all tested agonist with regard to αIIbβ3 

integrin activation and P-selectin exposure while GP expression and externalization is 

unaltered (fig. 38). The hyper reactive state of IL-6R-/- platelets persists except for GPVI 

stimulation 1 day after PHx. Activation of the GPVI signaling pathway also led to reduced 

platelet activation (fig. 39). This again highlights the crucial involvement of GPVI signaling in 

the regulation of platelet activation after liver damage. To further elucidate the role of GPVI 

signaling, profound studies in GPVI deficient mice undergoing PHx accompanied by platelet 

function assays are necessary. Regarding platelet activation, it is known that platelets express 

the GP130 receptor on their membrane [296] and store sIL-6R in their granules that is released 

upon activation [85]. Thus, a potential autocrine effect of IL-6 trans-signaling on platelet 

activation is conceivable. In comparison, platelets release a high number of agonists upon 

initial activation to further modulate platelet activation such as ADP or TxA2 [23]. For further 

analysis of IL-6R dependent platelet activation, administration of hIL-6 is of interest. After 

administration of hIL-6 a reduced activation of platelets was observed with different agonists 

regarding αIIbβ3integrin activation and degranulation 1d after PHx compared to control mice 

(fig. 47). To date, only one in vivo model was used to causally link IL-6 signaling to thrombotic 

events – the experimental model of chronic cholangitis. In 2013 it was shown that enhanced 

platelet aggregation and thrombocytosis is caused by enhanced levels of IL-6 [298]. The 

authors proclaim an activating effect of IL-6 on platelets as inhibition of IL-6 via administration 

of a monoclonal antibody resulted in protection against IL-6 induced thrombosis of arterioles 

of the musculus cremaster [298]. Regarding the IL-6 mediated effects in chronic cholangitis, it 

must be considered that IL-6 promotes the generation of tissue factor [299], that directly 
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enhances thrombin induced clot formation. Thus, inhibiting effects of IL-6 treatment on 

thrombosis models are not relevant enough to conclude a stimulatory effect of IL-6 on platelet 

activation. However, Marino et al showed that platelet degranulation as well as aggregation 

are unaffected by IL-6 trans-signaling by itself, nor on thrombin-induced platelet aggregation 

[296]. Additionally, Senchenkova et al confirms these observations, as platelet activation is 

unaltered after thrombin stimulation of isolated human platelets combined with IL-6 [300]. 

Contrary to that, stimulation of GPVI receptor with the snake venom convulxin and IL-6 resulted 

in enhanced P-selectin externalization and αIIbβ3 integrin activation. In conclusion, the effect of 

IL-6 signaling on platelet activation, especially after an inflammatory stimulus like liver 

resection remains unclear. On the one hand the presented data of IL-6R-/- after PHx clearly 

demonstrate a connection between GPVI and IL-6 signaling; on the other hand, no conclusion 

on the effect of IL-6 trans-signaling in mice without an inflammatory stimulus like PHx can be 

gathered. Therefore, platelet activation must be analyzed in mice that only received a single 

administration of hIL-6. In addition, the effect of hIL-6 on platelet activation in vitro is of further 

interest. Additional activation studies in sIL-6R-/-, IL-6 antibody treated mice or mice with a 

platelet specific constitutive activated GP130 receptor would gain further insight into IL-6 

mediated platelet activation.  

 

After liver resection, platelet populations regarding RNA-content, PS exposure and 

glycosylation state varied at different time points after PHx. As 80% of IL-6R-/- mice die 48h 

after liver resection, mice were examined only until 1d after PHx [148]. Nonetheless, genetic 

deletion of IL-6R leads to differences in platelet membrane composition and receptor 

glycosylation before and after PHx. Alteration in platelet size and platelet RNA-content suggest 

enhanced platelet production in IL-6R-/- mice, before and after PHx compared to WT controls. 

Annexin V binding reveals enhanced PS exposure in native IL-6R-/- mice compared to WT 

controls. After PHx, the fraction of PS-positive platelets is reduced. This might be due to 

different reasons for altered platelet PS-exposure before and after PHx in IL-6R-/- mice. In a 

steady state system, IL-6R-/- platelets show increased activation responses. This led one to 

speculate that enhanced activation through increased Ca2+ mobilization triggered PS-

exposure; while long term induced PS exposure through apoptotic pathways can be ignored. 

In contrast, after PHx, it is conceivable that platelets from IL-6R-/- mice have a higher PS-

exposure mediated platelet clearance resulting in a reduced fraction of PS-positive platelets. 

However, it is difficult to distinguish between these two signaling pathways. This would require 

a more detailed study of platelet apoptosis.  

Additionally, gene expression of both AMR subunits is elevated in native IL-6R-/- mice (fig. 41) 

[8]. Depending on the lectin used, differences in the lectin binding assays were obtained in 

IL-6R-/- platelets 1 day after PHx (fig. 40). It was already shown that different lectins are able 
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to induce different signaling cascades in platelets resulting in the formation of oxidative stress 

[301]. Accordingly, there may be differences in the binding of the used lectins to the 

desialylated glycoproteins on IL-6R-/- platelets. In consequence, no conclusion can be drawn 

from the three different lectin bindings measured on the surface of IL-6R-/- platelets after PHx. 

It is only obvious that healthy IL-6R-/- platelets display the same lectin binding as WT mice 1 

day after PHx. This would further strengthen the hypothesis of an enhanced platelet-turn over 

in IL-6R-/- mice. The differences in platelet clearance in IL-6R-/- mice are supported by different 

AMR subunit expressions after PHx. Asgr1 and Asgr2 transcription are upregulated in native 

IL-6R-/- mice, while only Asgr1 is upregulated immediately after liver resection (time point 

PHx 0h; fig. 41). This might reinforce different platelet clearance mechanisms mediated 

through KCs (MGL/Asgr1) or directly by hepatocytes (Asgr1/Asgr2) depending on a steady 

state or an inflammatory situation.  

 

5.5.2. AMR and IL-6R act synergistically to control platelet counts.  

However, IL-6R-/- mice show exaggerated Tpo transcription before and after liver resection, 

emphasizing the important modulating role of IL-6R in TPO generation. Interestingly, in mice 

with genetic deletion of the GP130 subunit, platelet counts are reduced by 30% compared to 

WT controls [302]. This highlights the importance of GP130 mediated signaling cascades 

which includes the IL-6R signaling. Furthermore, enhanced TPO biogenesis was detected on 

RNA and protein level that was accompanied by enhanced splenic sequestration of platelets 

before and after liver resection. Based on these results, enhanced platelet turn-over of IL-6R-

/- mice is assumed. Enhanced platelet turn-over leads to increased TPO consumption in the 

plasma due to newly formed c-Mpl rich platelets [191]. As enhanced numbers of newly 

produced platelets were also measured via TO-staining in IL-6R-/- mice before and after PHx, 

it is convincing to argue that TPO plasma levels might be influenced by elevated platelet turn-

over in healthy IL-6R-/- mice. However, upon IL-6R deficiency this aspect might not be 

conceivable, as the relationship between TPO plasma levels and platelet counts are not always 

conserved in a pathophysiological state [303-305].    

As already described above, JAK2/STAT3 signaling induces TPO expression in WT mice after 

PHx. Under steady state conditions, JAK2-STAT3 signaling does not account for enhanced 

TPO generation in IL-6R-/- mice, but STAT5 might be a promising candidate (fig. 42; see 

Appendix fig. 3). After PHx, JAK2 phosphorylation is still not observed, while STAT3 

phosphorylation occurs. Thus, the question arises how STAT3 phosphorylation emerges 

without JAK2 phosphorylation. It is known that the different members of the JAK family kinases 

(JAK1, JAK2, JAK3 and TYK 2) act synergistically depending on the receptor stimulus [306]. 

Thus, other JAK family kinase members could compensate the down regulated JAK2 signaling 
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in IL-6R-/- mice. Beside moderate STAT5 phosphorylation, no STAT3 phosphorylation was 

found in healthy IL-6R-/- mice. Since 7 different STAT family members are expressed in 

mammalians, other STAT family members might be phosphorylated to compensate reduced 

STAT3 activation or they might even co-localize with other transcription factors (e.g. c-Jun) 

under steady state conditions [307, 308]. As a future perspective, additional phosphorylation 

assays for different JAK and STAT protein family members have to be performed to shed light 

on the signaling mechanics leading to Tpo gene expression. Additionally, promotor sequence 

analysis of the Tpo gene (CHIP-seq) might also identify transcription factors other than STAT 

family members leading to Tpo transcription.   

To elucidate if il-6r expression or the downstream STAT-TPO signaling is influenced by AMR 

deletion, mice lacking the Asgr2 subunit (no functional AMR on hepatocytes) were examined. 

As expected, gene expression analysis showed upregulation of the Il-6r and Asgr1 in steady 

state conditions of Asgr2-/- mice (fig. 45). This supports the assumption that hepatic IL-6R and 

AMR synergistically control Tpo gene expression. Moreover, the different AMR subunits Asgr1 

and Asgr2 might compensate for each other. Contrary to the published data of Grozovsky et 

al, Tpo expression and generation in liver tissue of Asgr2-/- is elevated [77]. The upregulation 

of Asgr1 thereby further supports the notion of a KC mediated compensation for the loss of 

Asgr2 on hepatocytes. Again, upregulation of neither STAT3 nor STAT5 signaling was 

detected in Asgr2-/- mice, supporting the relevance of further investigations on different STAT 

family members and their impact on IL-6R/AMR induced TPO signaling.  

 

5.5.3 The role of IL-6R in platelet sequestration  

A common feature regarding enhanced platelet sequestration is splenomegaly [204]. Even 

though IL-6R-/- mice show enhanced TPO plasma levels leading to increasing numbers of MKs 

in the BM and in the spleen, no splenomegaly could be observed (fig. 43). However, enhanced 

platelet sequestration in IL-6R-/- mice is observed already in healthy mice and 1d after PHx. 

Macrophage-1 antigen (MAC-1, Cd11b/18 or integrin αMβ2) is expressed on macrophages and 

is able to bind through the GPIb-IX complex to platelets [309]. A study from Hoffmeister et al 

showed that platelet clearance is mediated through MAC-1 recognition on macrophages [310]. 

As IL-6 signaling is involved in the expression of MAC-1 on macrophages it is feasible that IL-

6R deficient mice lack MAC-1, resulting in reduced platelet destruction [147, 311]. However, 

this might be still accompanied by splenic platelet sequestration, as it depends on the one 

hand on splenic blood flow and the other hand on the intrasplenic platelet transit time [312]. 

Thereby intrasplenic platelet transit time seems to be independent of spleen size.  

In summary, genetic deletion of IL-6R reveals a critical role of IL-6R in TPO biosynthesis and 

platelet biogenesis. IL-6R deficiency induces an enhanced platelet turn-over and elevated 
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platelet activation upon agonist stimulation. The simultaneous analysis of the Il-6r expression 

in Asgr2-/- also highlights the exceptional role of the IL-6R in the regulation of Tpo expression, 

not only after an inflammatory stimulus after liver injury but already under steady state. Thus, 

the study identified a potential crosstalk of two different TPO regulating receptor pathways, as 

the AMR and IL-6R are upregulated in compensatory manner after genetic deletion of one 

another to regulate platelet counts. 

 

5.5.4 Trans-signaling through hyper-IL-6 induces thrombopoiesis 

Il-6 signaling can be discriminated in two distinct activation pathways. Membrane-bound IL-

6R, mainly expressed on hepatocytes and immune cells as KCs, forms a receptor complex 

with GP130 after ligand binding of IL-6. This signaling pathway is stated as classic IL-6 

signaling [313]. The other pathway, the IL-6-trans-signaling pathway is activated through 

GP130 and a complex formed out of soluble IL-6R (sIL-6R) and IL-6. The primary formed 

complex can induce a signaling on every cell that expresses GP130 on its membrane [313, 

314]. In this study the fusion protein hIL-6 was administered before PHx to further distingue 

between both mentioned pathways and their influence on platelet biogenesis. As shown in fig. 

46 and fig. 48 administration of hIL-6 led to an increase in megakaryopoiesis and circulating 

TPO 1 day after PHx. Even though no enhanced regenerated liver mass was detected after 

the single administration of hIL-6, Behnke at al already showed that hIL-6 administration in 

vivo resulted in enhanced hepatocyte proliferation [173]. This is the first evidence that IL-6 

trans-signaling is the important signaling pathway responsible for an increase in 

thrombopoiesis. For a better differentiation of the potential role of IL-6 trans-signaling after 

PHx, it would be of interest to study the effect of a single administration of hIL-6 without a 

further liver resection. Furthermore, to diminish the possible effects of classical IL-6 signaling, 

it would be of great interest to perform the administration of hIL-6 in IL-6R-/- mice. 

 

5.6 Thrombocytopenic mice display reduced liver regeneration  

Platelets are an important regulator of liver regeneration after liver dissection. To this date, 

multiple pathways are described how platelets influence liver regeneration through direct or 

cooperative effects with hepatocytes, LSECs or KCs [315]. Lesurtel et al already showed the 

impact of thrombocytopenia on liver regeneration via platelet depletion [200]. According to 

literature, the genetic deletion of the TPO receptor c-mpl also causes thrombocytopenia [202]. 

Here, the platelet count was reduced by 90% in Mpl-/- mice compared to WT mice (fig. 49). 

Interestingly, also leucopenia was detected in Mpl-/- mice contrary to already published data 

[202]. However, delayed liver regeneration was observed in Mpl-/- mice as revealed by the 

calculation of the liver weight ratio (fig. 50A). After liver resection KCs are important for IL-6 
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and TNF-α supply since depletion of KCs leads to reduced liver regeneration [316, 317]. As 

leucopenia and severe anemia develop in Mpl-/- mice after liver resection, the question arises 

how this affects liver regeneration besides thrombocytopenia. As described in detail above, 

IL-6 is an important factor for liver regeneration. Mpl-/- mice show significant reduced IL-6 

plasma levels after PHx (fig. 50C). Liver resection promotes the interaction of platelets with 

KCs, resulting in IL-6 and TNF-α release [316, 317]. The reduced level of circulating IL-6 in 

Mpl-/- mice compared to WT controls confirms that platelets can induce IL-6 release. However, 

no conclusion can be drawn regarding the cell type that is stimulated by platelets to produce 

IL-6 due to leucopenia in Mpl-/- mice.  

Of great interest for liver regeneration is the amount of circulating SDF-1α after PHx. SDF-1α 

receptor deletion (CXC-motif chemokine receptor 7(CXCR7)) leads to decreased liver 

regeneration [318]. It is known that liver regeneration is mediated through liver hyperplasia. 

However, CXCR 7 is expressed on oval cells, indicating a proliferating effect on these cells in 

the regenerative liver [319]. This is conceivable since enhanced levels of circulating SDF-1α 

were observed 1 day after PHx in WT mice (fig. 51). Even though LSECs are a source for 

hepatic SDF-1α production before and after PHx [320], platelets are a major source of SDF-

1α as well [321]. Even though studies implied, that LSECs produce major amounts of SDF-1α 

in the circulation after PHx, thrombocytopenia leads to diminished SDF-1α plasma levels, 

comparable to native control mice suggesting that platelets are a major source of SDF-1 after 

PHx (fig. 51). At least 24 h after PHx, the origin of the circulating SDF-1α is platelet derived as 

the SDF-1α plasma concentration of Mpl-/- mice 24 h after PHx is comparable to native mice. 

To further distinguish between LSECs and platelet derived SDF-1α after PHx earlier time 

points would need more examination in a thrombocytopenic model. Beside hepatocytes, other 

liver cells like cholangiocytes and LSECs need to proliferate after PHx. Therefore, BM derived 

sinusoidal progenitor cells (SPCs) are considered to support the proliferation of LSECs [322, 

323]. As published by Harp et al, BM derived SPC proliferation increases by two-fold, while 

mobilization of SPCs from the BM into the circulation increases two- to four-fold after PHx. 

Likewise, the authors declare a total amount of 25% of BM derived LSECs in the regenerating 

liver tissue 3 days after PHx [323]. As SDF-1α acts as chemoattractant for CD34+ progenitor 

cells (e.g. BM derived SPCs), it might be possible that platelet derived SDF-1α builds up a 

chemokine gradient that is lost due to thrombocytopenia, resulting in reduced liver 

regeneration [201, 324]. Altogether, the genetic model of thrombocytopenia supports the 

pivotal role of platelets in liver regeneration. Additionally, platelet derived SDF-1α was 

identified as a major circulating compound of SDF-1α in the plasma of PHx mice, potentially 

mediating BM derived SPC mobilization. However, further studies need to be established to 

characterize the impact of platelets in BM derived recruitment of stem cells and the impact of 

platelets in liver regeneration via the recruitment of CD34+ progenitor cells.  
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5.7 Conclusion 

 
Overall, using two different murine models of liver injury, the results clearly demonstrate, that 

platelet activation and thrombus formation is reduced, leading to hemostatic defects after liver 

injury. After liver injury a variety of signaling cascades are stimulated such as platelet inhibition 

through NO, PGI2 or BAs probably to regulate platelet activation. Additionally, BA mediated 

effects on platelet activation could be firstly linked to in vivo liver injury models, predicting a 

modulating role of BAs in primary hemostasis and liver disease. These effects are responsible 

for decreased platelet activation in vivo resulting in altered hemostasis.  

GPVI signaling could be identified as one major regulator of platelet activation following liver 

injury that might also be involved in the inflammatory response after PHx, or BDL. GPVI 

deficiency results in reduced thrombotic events without accelerating bleeding events [325]. A 

drug that prevents platelet adhesion via blocking of GPVI binding to collagen (Revacept) 

already succeeded in clinical phase study II [326]. Thus, GPVI might be a suitable target to 

control platelet mediated inflammation after liver injury. However further studies on the impact 

of GPVI signaling is needed to elucidate the role of platelet GPVI in thrombo-inflammation after 

liver injury.  

Until now, the regulation of the AMR/STAT/TPO signaling cascade was only investigated in 

healthy mice. In this study, it was shown that an inflammatory stimulus like liver resection 

results in an upregulation of hepatic AMR expression subsequently leading to an increase in 

TPO expression. Furthermore, this study describes for the first time that IL-6R also acts as 

regulating receptor for megakaryopoiesis and emphasizes its role after inflammatory liver injury 

in a genetic knock-out model. Thus, emphasizing that the pro-inflammatory cytokine IL-6 plays 

a crucial role in platelet count regulation. In this context, it was demonstrated that IL-6 trans-

signaling might be the key regulator of thrombopoiesis regarding IL-6 signaling by 

administration of the sIL-6R/IL-6 fusion protein hyper-IL-6. However, the interplay between 

AMR and IL-6R needs to be further elucidated, but these data clearly highlight a compensatory 

role of both receptors.  

For a further understanding of IL-6R mediated hematopoiesis, future studies need to address 

the difference between classical IL-6 and trans-signaling in more detail as well as the potential 

role of the GP130 super-family receptor.  
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7. Appendix  
 

7.1 Unshown data  

 

 
Appendix figure I Phosphorylation of VASP at in platelets one and three days after PHx. Isolated platelets 
from PHx and sham mice were incubated with PGI2 [5 µM] for 5 min or with SNP [1 µM] for 2 min at 37°C and 
subsequently platelet lysates were generated. (A) Western blot analysis of platelet lysates shows enhanced 
vasodilator-stimulated phosphoprotein (VASP) phosphorylation at Ser157 and Ser329 1 day after PHx, but no 
difference in total VASP expression. (B) Western blot analysis of platelet lysates shows neither enhanced VASP 
phosphorylation at Ser157 or Ser 239 nor altered VASP expression 3 days after PHx.  
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Appendix figure II PHx induces JAK2/STAT3 signaling in WT mice within the first day. Whole liver lysates of 
native control mice (ctrl.), sham and PHx operated C57Bl6/j mice was lysed and western blot analysis was 
performed. immunoblots of total liver cell lysates using (A) anti-pJAK2 and anti-JAK2 antibodies and (B) anti-
pSTAT3 and anti-STAT3 monoclonal antibodies showing enhanced phosphorylation of both proteins one day after 
PHx. GAPDH was used as loading control (n=4).  
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Appendix figure III PHx induces JAK2/STAT3 signaling in WT mice within the first day. Whole liver lysates of 
native and PHx (1d) WT and IL-6R-/- were analyzed via western blot. (A) Representative immunoblots of total liver 
cell lysates using anti-pJAK2 + anti-JAK2 antibodies, anti-pSTAT5 + STAT5 and anti-pSTAT3 + anti-STAT3 
monoclonal antibodies. TPO polyclonal antibody was used with GAPDH as loading control (n= 5 for each group) 
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